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5Preface: FLAME and the ‘Oxford System’
The intention of this volume is to present a coherent explanation of what has become 
known as ‘the Oxford System’ for interpreting the chemical and isotopic data from 
archaeological copper alloy objects. This system began with the DPhil of Peter Bray 
(2009), motivated by his conviction that the variation observable within the chemical 
data was not simply ‘noise’ but contained evidence of human behaviour. This resulted 
in the definition of what are now known as ‘Copper Groups’, and was combined with 
ubiquity mapping to study the movement of metal in the British and Irish Early Bronze 
Age. These ideas were subsequently developed over several years with the support of 
the Leverhulme Trust and the John Fell Fund, gradually being extended to deal with 
alloy data, and finally lead isotope data. In the meantime the opportunity arose to 
submit an application to the European Research Council for a large-scale project to 
study the circulation of metal in the Bronze Age across the whole of Eurasia, which was 
awarded and began in October 2015. The title was ‘the FLow of Ancient Metal across 
Eurasia’ (FLAME). Part of this project involved further developmental work on the 
interpretative systems, and the creation of a large open access GIS database of all of the 
known chemical and isotopic analyses of Bronze Age copper alloy metalwork from all 
of Eurasia north of the Himalaya. This database will also contain embedded tools which 
allow the implementation of the interpretative methods developed within the project.
This volume is not a summary of the outcomes of the FLAME project—that is still 
ongoing, and data continue to be entered into the GIS database. It is specifically intended 
to describe in some detail the methodologies proposed for interrogating these data, 
and to explain the philosophy underlying the whole project, since it is quite different 
from much of what has gone before. Several papers (listed at the end of this preface) 
have already been published which explain different aspects of the methodology, but 
inevitably they are rather brief because they are in the peer-reviewed journal literature. 
Moreover, our ideas have developed rapidly over the past five years, and sometimes the 
emphasis of how we see the system has changed. Here we present what we now see as 
an integrated system, and we also have the opportunity to explain the methodology 
and philosophy in much more depth than has been possible previously. We illustrate the 
methodology with some examples taken from recent work in Oxford. 
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Chapter 1
Previous Approaches to the Chemistry 
and Provenance of Archaeological 
Copper Alloys
For more than two million years, hominins have exploited some of the rich 
mineral resources of the earth’s crust. These have provided useful raw materials, 
such as particular stones for tools and weapons, pigments for painting and body 
art, brightly coloured minerals and semi-precious stones for body ornamentation, 
clays for figurines and ceramics, and, more recently, ores from which to extract 
metals. Although rich, such mineral resources are usually concentrated in 
particular regions, which tend to be located in mountainous or desert areas, and are 
hence difficult to reach. In spite of this, humans in the past must have specifically 
sought out such deposits, and probably transported some of their products over 
long distances, giving rise to systems of trade and exchange in particular precious 
commodities. Some such systems can be traced back over millennia, particularly 
those involving lithics with desirable qualities, such as being decorative or 
having the capacity to be worked into stone tools. It seems certain that metals, 
once they began to circulate within society, would have fallen into this class of 
desirable material. As people began to understand their unique properties, metals 
transformed human relationships with the material world by providing efficient 
tools and weapons, but also by acting as symbols of wealth and power.
Unsurprisingly, the origins of metallurgy have been the focus of intense 
academic speculation for several centuries. Although it was perhaps preceded by 
the smelting of lead (Krysko 1980; Gale and Stos-Gale 1981), locating the time 
and place of the first exploitation of copper and its alloys has been a major focus 
of academic endeavour. It now seems reasonably certain that the first smelted 
copper in Eurasia is to be found in or near Anatolia, perhaps in the seventh 
millennium BCE, and spreading to South-East Europe and Western Asia by the 
fifth millennium BCE (Roberts et al. 2009; Kienlin 2013). The knowledge of 
copper smelting subsequently spread to all of Eurasia by the second millennium 
BCE, via a process seen by most as a form of direct transmission. An independent 
origin is presumed for the smelting of copper in the New World, and has also been 
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suggested for some parts of Eurasia, particularly China, but there is little evidence 
for this. It is interesting to note that the smelting of copper ore in Anatolia and 
Western Asia appears to have been preceded by a long period of the use of brightly 
coloured copper minerals (e.g., malachite, azurite) for personal ornamentation (and 
occasionally as part of burial rituals), perhaps for several millennia (e.g., Solecki 
1969). The desire for such colourful minerals would have led people to search 
for ore deposits in the mountains, in turn leading to the discovery of occasional 
rare finds of native copper, and ultimately to the smelting of the ores. Perhaps this 
was initially a result of some accidental heating of a mineral such as malachite, 
although the required temperature is higher than might easily be conceived of as 
‘accidental’, and it may therefore have been the consequence of a more systematic 
experimental inquisitiveness. This sequence of malachite use might suggest an 
answer to the oft-posed question of why the remarkable Neolithic civilizations 
of East Asia came so late to the use of copper. The common consensus is that 
copper and copper smelting did not arrive in central China until the beginning 
of the second millennium BCE, and was not the result of independent invention. 
Since the Chinese Neolithic cultures valued jade above all other natural materials 
for symbols of ritual and power, the same trajectory of malachite - native copper 
- smelted copper is unlikely to have occurred, and therefore copper smelting was 
introduced into China from the west. What they did with it subsequently was, of 
course, remarkable and entirely Chinese. It could even be argued that the whole 
system of Chinese metallurgy, dominated by casting techniques which depend on 
metal fluidity, was a consequence of this late arrival, and was based on the notion 
of metal as metal rather than emerging from earlier techniques adapted from the 
physical working of stone.
As stated, the FLAME project is explicitly not concerned with the origins of 
smelted copper. The primary concern is to better understand the use and circulation 
of metal, and the development of metallurgical traditions, as these new materials 
became an intrinsic part of the fabric of prehistoric societies across Eurasia. Broadly 
speaking, this focusses primarily on the third and second millennia BCE, but since 
the chronology of the Bronze Age varies markedly across Eurasia, these do not 
represent strict chronological boundaries for the project. It does mean, however, 
that we are interested in the rise and spread of copper alloying technologies across 
Eurasia, from arsenical coppers/bronzes, to tin bronze and leaded tin bronze, since 
their development and transmission falls broadly within this period. 
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Chemical analysis of archaeological copper alloys 
Chemical analysis as we know it today was developed in Europe towards the 
end of the eighteenth century, but that does not mean that the composition of 
metal objects was unknown and unknowable before then. The art of assaying the 
chemical composition of precious metal objects has probably been practised for 
almost as long as the use of the metals themselves. Greenaway (1962) emphasises 
that assaying—testing by fire—is the oldest quantitative chemical technique. 
From written sources it can be traced back to the early 2nd millennium BCE in 
Mesopotamia, where cuneiform tablets describe in some detail the quantitative 
assay of gold and silver (Levey 1959), but these techniques were probably old even 
then. Surviving European medieval texts give us increasingly clear descriptions of 
the process of assaying, both of metal objects and, in the case of base metals, of the 
ores from which they come. Book III of Theophilus’ On Divers Arts (c. 1110–1140 
CE; Hawthorne and Smith 1963) describes how to recover gold from scrap gilded 
metal, and also how to part gold from silver. The Probierbüchlein (“The little 
book on assaying”), written by an unknown German goldsmith or assayer around 
1520 CE, is the first western book to give a clear description of assaying (Sisco 
and Smith 1949). Lazarus Ercker’s Beschreibung allerfürnemisten mineralischen 
Ertzt und Berckwercksarten (“Description of all forms of minerals and calcareous 
species”), originally published in Prague in 1574, rapidly became disseminated 
throughout Europe, and was reprinted in 1580, 1598 and 1629. It was translated 
as “Lazarus Ercker’s Treatise on ores and assaying” by Sisco and Smith (1951). 
The art of using the touchstone to assess the fineness of precious metals, 
especially gold, is probably equally as old as assaying (Oddy 1986). A touchstone 
is a flat piece of dark fine grained stone upon which the metal is rubbed, with the 
colour of the streak indicating the purity of the gold. From the calculations made by 
Oddy based on Theophrastus’ book “On Stones” (c. 315 BCE; Caley and Richards 
1956, 54), the touchstone could detect one part in 144 of impurity in the gold, 
which is a sensitivity not surpassed until modern times. Oddy (1986, 164) says that 
the first certain reference to the touchstone is in the 6th century BCE, but the fact 
that it was so well known to Theophrastus, and that it is also referred to in Sanskrit 
texts contemporary to Theophrastus, suggests that it is much older than this. 
The origins of analytical chemistry as we understand it today are to be found 
in 18th century Europe, when ‘trial by fire’ gave way to ‘the humid method’, or 
precipitating known compounds out of solutions, ultimately leading to quantitative 
gravimetric analysis. Through the technical development of the analytical balance, 
and increasingly systematic study of aqueous chemical reactions and precipitations 
by Robert Boyle, Étienne François Geoffroy, and others, Torbern Bergman at the 
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University of Uppsala, Sweden, published in 1777 a protocol for the aqueous 
gravimetric analysis of gemstones. This was followed by more detailed protocols 
from Nicolas Louis Vauquelin in Paris (1799) and Martin Heinrich Klaproth in 
Berlin (1792/3). The methods of these three pioneer analytical chemists have been 
described and compared by Oldroyd (1973).
One of the earliest applications of the new method of gravimetric analysis 
was to archaeological material, probably as part of a broader general interest in 
the contents of the ‘cabinets of curiosities’ of the time. Thus, Dizé published the 
analysis of the tin content of some copper alloy coins and other objects in 1790, and 
Klaproth analysed a wider selection of coins, as well as glass, in 1792/3 (Pollard 
2013). In these early stages, the purpose was simply to identify the metals used in 
these alloys. This was in part prompted by the mid-18th century debate in France 
over whether bronze was an alloy of copper with iron, or copper with tin (Pollard 
2013). These first chemical analyses clearly showed that bronze was an alloy of 
copper with tin. The discussion then moved on towards understanding changing 
patterns of alloy use over time and space, most clearly visible in the work of Göbel 
(1842), and ultimately crystallising as the concept of ‘provenance’. 
The provenance hypothesis
The observation that raw materials (stone, obsidian, clay, metals) are likely to 
have been obtained from specific and restricted geographical source areas, and 
potentially transported over long distances, has given rise to one of the major 
continuing themes in scientific archaeology, that of provenance. Essentially, 
provenance studies are based on the assumption that some characteristics of the 
source of the raw material are carried over into the finished object, and that they 
are sufficiently diagnostic to allow differentiation between geographically distinct 
sources (Wilson and Pollard 2001). These characteristics can be trace element 
patterns, rare earth profiles, or isotopic ratios, and are often referred to as a chemical 
fingerprint. The idea that patterns of chemical composition in archaeological 
artefacts could be used to attribute source had become well established by the mid-
19th century in Europe (Pollard et al. 2014). Göbel (1842) noted in his monograph 
(entitled, significantly, “About the influence of chemistry on the determination of the 
peoples of the past, or results of the chemical analysis of metallic antiquities…”) 
that some Roman copper alloys contained zinc, whereas Greek alloys contained 
only tin and some lead. Even more significantly, he used the available analyses of 
Roman coins to divide them up into four groups (Cu + Sn + Pb, Cu + Zn, Cu + Zn 
+ Sn, and Cu + Sn + Zn + Pb), and, with the exception of the first group, noted that 
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the amount of zinc decreased over time. More than a hundred years later, Caley 
(1964a) also noticed that the zinc content of Roman brass coins declined from 
the late 1st century BCE to the early third century CE. He suggested that Roman 
brass production started in the late 1st century BCE but stopped shortly after, 
and that brass coins of the late 1st century CE onwards were made from recycled 
brass. This ‘zinc decline’ was thus thought to be a consequence of the volatility of 
zinc, which meant that the zinc content of the brass declined after each re-melting 
(Caley 1964a, 99). 
Göbel (1842) thought that the chemical differences he observed could be used 
to date metal objects from regions outside Greece and Rome. He thus compared 
the analyses of metals found in graves in the Baltic States with Roman coinage 
of particular Emperors, in an attempt not only to elucidate the origin of the metal, 
but also to give a date to the as then undated metal objects from northern Europe. 
Altogether, Göbel published the analyses of 119 archaeological artefacts, which 
was the first large-scale attempt to study the chemical composition of ancient metal 
objects. The first very large compilation of chemical analyses on archaeological 
metals was published by von Bibra (1869), containing approximately 1250 
analyses, of which 600 were his own, and the other 650 were taken from the earlier 
work of at least 90 other analysts, including Göbel.
The theory of provenancing archaeological materials by chemical means was 
first fully articulated by Damour (1865, 313):
“When one discovers, in fact, either buried under the ground, either in 
the caverns, or among the remains of ancient monuments, an object on 
which the hand of man has marked his work, and whose matter is of distant 
origin or foreign to the country, it is inferred that there has been transport 
of the object itself, or at least of the matter of which it is formed. Hence 
arises inductions on the relations which may have existed between different 
peoples, on their migrations, their industry, etc.”
Until recently, this statement has essentially remained the main theoretical 
underpinning for much of the work involving the determination of provenance 
of archaeological materials using chemical analysis, including metals, ceramics, 
glass and lithics (Wilson and Pollard 2001). It is has been elaborated upon for 
specific materials (e.g., for metals, Tylecote 1970; Pernicka 1986, 1999; Budd et 
al. 1996), but it is only recently that theoretical considerations such as the influence 
of the time taken for objects to move between source and deposition site have been 
explored in more detail (Pollard et al. 2014).
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Major European programmes of chemical analysis
Although gravimetric analysis continued to be the preferred method of many 
distinguished metallurgists until at least the 1960s (e.g., Caley 1964b), a major 
step-change in the analysis of archaeological metals took place in Europe in the 
early 20th century, and accelerated considerably after the Second World War. This 
was brought about primarily because of the increased availability of instrumental 
means of chemical analysis, initially using optical emission spectroscopy (OES: 
Smith 1933; see Pollard et al. 2017, 34–35), which meant that many more samples 
could be analysed. It also increased the range of trace elements that could be 
quantified. As a consequence, several large European projects were initiated 
with an explicit focus on the provenance of the copper used to make Bronze Age 
archaeological metal artefacts. The earliest in the UK followed the establishment 
of the Ancient Mining and Metallurgy Committee of the Royal Anthropological 
Institute in 1945 (Anon. 1946). This Committee was an interdisciplinary panel 
consisting of some of the leading archaeologists of the day, including V. Gordon 
Childe (1892–1957), Oliver Davies (1905–1986), Christopher Hawkes (1905–
1992) and Stuart Piggott (1910–1996), and scientists E. Voce (1902–1960), Cecil 
Henry Desch (1874–1958), Harold J. Plenderleith (1898–1997), Cyril E. N. 
Bromehead (1885–1952) and Herbert Henery Coghlan (1896–1981). The stated 
aim (Coghlan et al. 1949, 6) was summarized as:
“The main question now before this committee is whether there are any 
means of recognizing the locality from which the metal in a given copper 
object was obtained. The information already available on the subject 
has been conveniently assembled, with full references, by J. R. Partington 
(Origins and Development of Applied Chemistry, 1935).”
The Ancient Mining and Metallurgy Committee published a series of more than 20 
papers from 1948 to about 1957, but the deaths of several of the leading members of 
the Committee in the 1950s seems to have brought about the demise of the initiative 
(although some, particularly Coghlan, continued to publish through to the 1980s).
Otto and Witter
A little earlier than this, in the 1930s, several groups of German-speaking researchers 
began large scale programs of chemical analyses on ancient metal artefacts. The 
first significant compilation of data was that of Helmut Otto (1910–1998) and 
Wilhelm Witter (1866–1949), from the University of Halle, whose results were 
summarized in 1952 as “Handbuch der ältesten vorgeschichtlichen Metallurgie 
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in Mitteleuropa”. Their aim was to understand prehistoric metallurgy in Europe 
using chemical analysis, in contrast to the previous typological approach to metal 
artefacts. They decided to focus on only one period to increase the consistency 
of their work, namely the very beginning of the Bronze Age. They organized a 
program of research to initially analyse a substantial number of artefacts (1374 
artefacts, of which ca. 1100 were analysed by Otto, and the remainder by J. 
Winkler, W. Noddack and W. Kroll) from all across Europe, from Ireland and 
Denmark to Italy and from Spain to Romania (Otto and Witter 1952, 1–21). 
They developed their own optical emission spectrometry (OES) methodology 
that allowed them to obtain quantitative analyses: a sample of approximately 0.2 
g of unaltered metal from the artefact was melted to form two electrodes, and then 
a high voltage was applied between them, causing the emission of light whose 
wavelength was dependent on the chemical elements in the sample. The intensity 
of the light emitted gave information about the quantity of each element present in 
the sample. Moreover, they also emphasized the importance of metallography to 
study the manufacturing process of the artefacts, giving an input into a programme 
of creating experimental artefacts.
From their analyses of more than 1300 Early Bronze Age artefacts they 
created six groups of metal according to the artefacts’ compositions: “pure copper 
(Reinkupfer)”, “raw copper (rohkupfer)” (which indicates “copper with small 
traces of other elements”), “arsenical copper alloy (arsen-kupferlegierung”), 
“Fahlerzmetalle” 1, divided into “Fahlerz with a high percentage of silver” and 
“Fahlerz with a low percentage of silver”, “other kinds of metal (sonstige metalle 
mit Ni, As und Ag)”, and “copper tin alloy (zinn-kupferlegierung)”. These groups 
were further divided according to the percentage of presence of tin, lead, silver, 
gold, nickel, cobalt, arsenic, bismuth, zinc (Otto and Witter 1952, tab. I–VI). The 
creation of these groups was based only on the authors’ observations, without any 
statistical treatment of the data. Although their ability in the visual identification 
of these groups was subsequently recognized by later authors (e.g., Ottaway 1982, 
94–95), such a subjective technique was not thought to be acceptable for scientific 
research and was soon replaced by statistical analysis (see below). Finally, these 
authors also investigated chronological and geographical patterns linked to their 
groups to hypothesize the provenance of the material and to identify trade routes 
(Otto and Witter 1952, 60–82). As regards chronology, they accepted Childe’s 
theories of a linear technological evolution in metallurgy, from copper, to arsenical 
copper, Fahlerz, and tin bronze (Childe 1944) and dated the objects according 
to their chemistry (Otto and Witter 1952, 5). With respect to provenance, they 
1 Fahlerz was defined by them as “copper with a higher percentage of trace elements than 
raw copper.”
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claimed that almost all of the German artefacts came from copper ores in Saxony, 
but this conclusion has subsequently been challenged (Pernicka 2011, 28).
 Pittioni and the Vienna group
Another important contemporary group of researchers was established in Vienna 
in the 1930s, led by Richard Pittioni (1906–1985). This group was also interested 
in the provenance of ancient metal artefacts through compositional analysis, and 
focused their research on the Alpine and Balkans regions (Preuschen and Pittioni 
1937). They brought a strong metallurgical background to the study, since they were 
both mining engineers (Pernicka 2011, 28). They argued against the methodology 
of Otto and Witter, pointing out that only with a significant amount of data of 
the same period and of specific forms can a consistent hypothesis be formulated 
about the provenance of the ore used for a group of artefacts (Pittioni 1957, 3). 
Furthermore, they declared explicitly that it is quite impossible to understand the 
provenance of a single object because metal ores are too heterogeneous, and the 
composition of the copper is not the same at all depths within the ore deposit. 
Consequently, two objects with different compositions could derive from two 
different points in a single ore source. The heterogeneous nature of metal ores also 
implies that the presence of a single specific chemical element in an artefact is 
never crucial in characterizing metal groups (Pittioni 1957, 4). Useful information 
can only be derived by the combination of the presence of some specific elements: 
antimony, arsenic, lead, nickel, silver, bismuth and tin (Pittioni 1957, 7). Iron 
was considered not to be diagnostic, as it is universally present in copper ores; 
aluminium, calcium, magnesium and silicon were also ruled out as non-specific 
(Pittioni 1957, 7). A crucial consequence of the Viennese group’s idea of the 
combination of presence/absence of elements as being the main priority in data 
collection was their decision to undertake only semi-quantitative analysis, without 
giving numerical values for their concentrations (Table 1). 
This approach was heavily questioned at the time (see discussion following 
Pittioni 1960), and, unfortunately, it also means that their data are not useful for 
modern research using a statistical perspective. This was pointed out by Ottaway 
(1982, 175–176), who tried to convert their data expressed as symbols into 
numerical data. As discussed in Chapter 3, although her efforts were successful 
with the more limited set of symbols used by Otto and Witter and the Stuttgart 
group (see below), the data from Pittioni’s work were impossible to convert 
and, hence, could not be included in her database. For this reason, in the end, 
more than 6000 valuable analyses are now completely unusable. Despite this 
considerable drawback, the group from Vienna deserve credit for pointing out the 
need for a large number of contemporary objects in order to theorize provenance, 
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and also for recognizing the importance of a multidisciplinary approach in 
archaeometallurgical research, including the contribution of geology. Indeed, the 
Vienna group analysed not only finished artefacts, but also slags and metal ores. 
Consequently, they initiated geological research in the alpine region to identify the 
possible ore sources and to look for sites that could provide evidence for ancient 
smelting processes (Pittioni 1957, 7–16).
Nr Objects Cu Sn Ag Al As Ca Fe Mg Mn Ni Pb Sb Zn Bi Au V
Barreringen A                 
1 Metallkern 1 HM Sp ++ - ++ - ++  Sp - Sp + - + - -
2 Metallkern 2 HM Sp ++ - ++ - ++  Sp - Sp + - + - -
3 Oberfläche 1 HM Sp ++ - ++ - ++  Sp - Sp + - + - -
4 Oberfläche 2 HM Sp ++ - ++ - +  Sp - Sp + - + - -
Barreringen B                 
5 Metallkern 1 HM Sp ++ - ++ - ++ - - Sp Sp + - + - -
6 Metallkern 2 HM Sp ++ - ++ - ++ - - Sp Sp + - + - -
7 Oberfläche 1 HM Sp ++ - ++ - + - - Sp Sp + - + - -
8 Oberfläche 2 HM Sp ++ - ++ - + - - Sp Sp + - + - Sp
Barreringen B                 
9 Metallkern 1 HM + ++ - ++ - ++ - - Sp Sp + - + - -
10 Metallkern 2 HM + ++ - ++ - + - - Sp Sp + - + - Sp
11 Oberfläche 1 HM + ++ - ++ - + - - Sp Sp + - + - Sp
12 Oberfläche 2 HM + ++ - ++ - + - - Sp Sp + - + - Sp
Table 1: 
Example of the data published by Pittioni (1957, Tab. 1).
Stuttgart and the SAM project
Around the middle of the 20th century a project was started in Stuttgart by a group 
of researchers, the most eminent of whom were Siegfried Junghans (1915-1999), 
Edward Sangmeister (1916-2016) and Manfred Schröder (1926-2009). Their 
work is usually referred to by later authors, and also here, as “the SAM project”, 
in abbreviation of the full title, “Studien zu den Anfangen der Metallurgie”. The 
explicit aim of their research was to study the origin and spread of copper and 
bronze in Europe by scientifically examining the material itself, by means of 
optical emission spectroscopy and statistical analysis (Junghans et al. 1968, 6). 
Their field of research was broader than that of their predecessors: for the first time 
the entire European continent was taken into consideration. They created European 
distribution maps of objects with common chemical compositions. The extent of 
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the territory of interest and the necessity to have a statistically valid sample caused 
the authors to make as many analyses as possible, ultimately producing more than 
22,000. They published the first 1000 results in 1960, added 9,000 more in 1968 
and finally reached 22,000 in 1974. In this last publication, they also reconsidered 
their previous analyses, republishing some of them because in some cases arsenic 
and antimony had been underestimated by their instrument (Junghans et al. 1974). 
Fortunately, following in the footsteps of Otto and Witter, they produced fully 
quantitative analyses.
They focused on eleven elements: tin, lead, arsenic, antimony, silver, nickel, 
bismuth, gold, zinc, cobalt, and iron. The quantity of copper was not determined dir-
ectly. The authors recognised the most distinct boundaries between different types 
of copper in the percentages of bismuth, antimony, silver, nickel and arsenic (Jung-
hans et al. 1960, 57). From this, Hans Klein, the statistician of the group, used these 
elements to develop his statistical frequency analysis. He tried to create groups in 
which the frequency distribution of each element could be represented as a Gauss-
ian (normal) curve. As a result, Klein defined 12 groups of metal, as shown in Fig-
ure 1 (A, B1, B2, C1, C2, C3, E00, E01, E10, E11, F1, F2). A group was considered 
to be “secure” only when it reached a threshold that did not change even with an 
increasing number of samples (Junghans et al. 1960, 58). However, they noted that, 
due to the statistical method applied, a few samples very close to the boundaries of 
the groups could be assigned to either group (Junghans et al. 1960, 58).
Figure 1: 
Groups of metal artefacts according to their composition, re-drawn after Junghans et al. 
(1960, Tabelle 1, p. 210)
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When the Stuttgart group published their second set of analyses in 1968, they 
decided to perform their statistical analysis by plotting each element against the 
other elements, which they called “two dimensional analysis” (Junghans et al. 
1968, 13). With this technique, they created a first subdivision of artefacts into 
groups, which was then refined by considering the percentages of individual 
elements, in particular Ag, As, Bi, Ni and Sb. As a result, instead of the original 
12 groups, 29 groups were created, as shown in Figure 2. However, most of the 
groups already identified in the 1960s publication were confirmed, and it was felt 
that the new results only helped to further refine these groups (Junghans et al. 
1968, 15). 
Figure 2: 
SAM ‘decision tree’ redrawn after Junghans et al. (1968) (SAM 2.2, Tabellen und Diagramme, 
Diagramm 1).
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Nevertheless, as stated by Muhly (1993), 
“the reaction to the SAM Project was uniformly negative, …. archaeologists 
were sceptical of the SAM metal groupings chiefly because the different 
classes of metal were presented within the context of an outmoded 
diffusionist archaeology that was (unfairly) used to discredit the entire 
project.” 
In particular, the statistical methodology of the Stuttgart group was heavily 
criticised, most specifically by Waterbolk and Butler (1965), who argued against 
both the methodology and the presentation of their results. They strongly criticized 
the lack of consideration of the archaeological background in their methodology. 
Waterbolk and Butler (1965, 230) stated that the Stuttgart team had “thrown the 
analyses all into one pot, with the hope that mathematical means will bring them 
out of the pot again in a logical order.” Some artefacts were assigned to groups 
with characteristics of a different period (Waterbolk and Butler 1965, 232). Other 
groups of objects were considered as belonging to several different groups, even 
though they were from a single homogenous archaeological context and had a 
mostly homogenous composition (Waterbolk and Butler 1965, 237). Another 
criticism of the methodology was that it had not been consistently applied to all 
the defined groups: in fact only group A had all elements distributed in a Gaussian 
curve (Waterbolk and Butler 1965, 231). Moreover, they pointed out that in certain 
cases the significant information was not the percentage of an element, but its 
ratio to other elements (Waterbolk and Butler 1965, 238). The Stuttgart group was 
also criticized for the adoption of bismuth as a discriminating element. Slater and 
Charles (1970) pointed out that the behaviour of bismuth, with its low solubility in 
copper and lower melting point than copper, leads to a high degree of segregation 
during solidification, which causes unreliable analyses. Consequently, these 
authors felt that this element should not be chosen to discriminate between groups 
of artefacts based on their composition.
In terms of data presentation, Waterbolk and Butler (1965, 233) also pointed 
out that if new analysis were undertaken it would be difficult to compare these 
results with the proposed groups, so that judging the probability of the artefact 
belonging to one group or another would be impossible. The alternative 
methodology proposed by these two authors was to start with artefacts from a 
homogenous archaeological context, such as a hoard, and represent graphically 
the distributions of the elements considered to be important (e.g., Figure 3). These 
criticisms of the Stuttgart group’s statistical methodology have been generally 
accepted, but, as pointed out by Ottaway (1982, 97), the methodology proposed 
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by Waterbolk and Butler is hardly usable with large complex datasets. However, 
the acceptance of such critiques does not undermine the fundamental importance 
of the Stuttgart group’s work. A critical point was the decision to adopt the 
analytical methodology proposed by Otto and Witter, rejecting Pittioni’s use of 
qualitative data. For the European Bronze Age, these data remain the largest and 
most comprehensive dataset available, which subsequent workers have attempted 
to re-interpret and evaluate (e.g., Krause and Pernicka 1996: see below). The full 
database was published electronically by Krause (2003), and this forms the core 
of the FLAME data for Europe.
Figure 3: 
The composition of 26 Bronze Age axes from Altheim as presented by Waterbolk and Butler 
(1965, Graph 3).
Evgenij Chernykh in Moscow
Until the 1960s, the history of archaeometallurgical research in Russia and the 
Soviet Union followed much the same pattern as was seen across the rest of Europe. 
Indeed, many of the early analyses of archaeological artefacts from Eurasia were 
carried out by the very same researchers who were active in Europe (e.g., Struve 
1866). As elsewhere, the growth of quantitative spectrometric methods during the 
early part of the 20th century—which provided complete, rapid analysis at low 
cost, on small samples with little or no pre-treatment—led to an increase in the 
pace of archaeological research. By the end of the 1950s dedicated laboratories had 
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been founded in Baku (Azerbaijan), Tbilisi (Georgia), St Petersburg and Moscow. 
Each of these produced substantial quantities of data and led to important regional 
and macro-regional studies. The most significant change, however, came with 
the foundation of a second analytical laboratory in Moscow within the Institute 
of Archaeology of the Soviet Academy of Sciences under the direction of Boris 
Kolchin, and associated from its inception with the work of Evgenij Chernykh. 
The subsequent work of this laboratory, which for prehistoric archaeology was 
driven forward by Chernykh, is known to most Western researchers through a 
single book—Ancient Metallurgy in the USSR—published in English in 1992, 
only a few months after the structure of the Soviet Union itself had collapsed. 
Intended as an accessible English summary of three decades of intensive 
analytical and archaeological work, this unintentional epitaph to a fallen empire 
(described as such by Chernykh 2017) was simultaneously praised for its clarity 
and scope as the first extended presentation of Soviet scholarship on this subject 
and harshly (though quite unfairly) criticized for its non-publication of data, its 
lack of analytical detail, and its perceived origins in the work of the Stuttgart group 
(see, for example, the review by Muhly (1993)). Nevertheless, it has remained 
the primary citation for most English-speaking students of archaeometallurgy 
in northern Eurasia. Certainly, in formulating our own ideas, this text remained 
almost our only window onto Russian archaeometallurgical research until the 
inception of the FLAME project.
Most English language descriptions of his work, including those of Chernykh 
himself, have focussed only on his archaeological results—the networks of central 
production and peripheral exchange, or Metallurgical Provinces, which shape the 
structure of his interpretations (see Chernykh 1992, 7–10; Kohl 2007; Chernykh 
2008). It is worth, however, highlighting some of the fundamental justifications of 
his approach, which, far from being a mere Russian reflection of the SAM project, 
is one which emerged from a comprehensive critique of the existing methodologies 
in European archaeometallurgy. The complexity and subtlety of his approach are 
only apparent from a detailed study of his original Russian language publications. 
Although Chernykh placed the question of provenance at the centre of his 
archaeological interest, he did not assume that it was straightforward, either 
from a geological or a metallurgical perspective. In the initial presentation of his 
methodology, Chernykh (1966, 13–17) reviews the problems of differentiating 
ore sources, using Russian data as an example. He concludes that while a general 
insufficiency of data on ore sources, from both archaeological and geochemical 
perspectives, usually reduces the theoretical scope of provenance studies to the 
regional level, we should not assume that the reliable differentiation of specific 
ore sources is impossible—a position he later developed in his research on mining 
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in the Urals and Bulgaria (Chernykh 1970; 1978; 2004; 2002-2007). However, he 
was equally interested in understanding chemical change between ores and objects 
as a result of human action. Rejecting Thompson’s (1958) negative assessment of 
the possibility of relating objects and ores, he was instead inclined to follow Biek 
(1957) in recognizing that arguments about relationships between archaeological 
ores and artefacts are typically sustainable only at the general level and not in 
individual cases. He nevertheless made a thorough review of the metallurgical 
literature, including experimental studies of the preferential movement of elements 
between metal, slag and vapour (Okunev 1960), to establish a reasoned baseline for 
the choice of key elements in his analysis (Chernkyh 1966, 18–21): Sn, Pb, As, Sb, 
Bi, Ag, Au, Co, Ni and Zn. Using both geochemical arguments and explorations of 
elemental distributions from a large number of analyses he established a coherent 
approach to the definition of the boundary between artificial and natural alloys 
(e.g., at around 1% for tin). Throughout this discussion, he also provided basic 
notes on several key problems relating to the recycling of metal, including the 
differentiation of primary alloys and alloyed metal resulting from the re-melting 
of scrap bronze with clean metal, and the impact of oxidative loss of particular 
elements on the overall composition of the metallurgical group. He concludes:
“One of the most complex and difficult tasks is the identification of 
secondary, mixed metal [within the system]. Such [metal] derives from 
the re-melting of broken artefacts, made from metal smelted from different 
ores… and containing a complex array of elements... derived from its 
[original components]. Evidently, in some archaeological cultures it is 
possible to identify such mixed groups… [but] the methodology by which 
to differentiate this metal is not entirely clear” (Chernykh 1966, 20–21).
What is equally important, but often missed in English-language discussions of 
his methodology, is his integration of archaeological and chemical information 
within a standardized statistical approach, described more fully in his second 
thesis (Chernykh 1970). The first step is to define and codify various groups:
 - Chemical—based on a characteristic suite of natural components—defined 
through a combination of visual and chemical analyses— and deemed 
distinctive of a particular region, mineralogical formation, or mine,
 - Metallurgical—based on characteristic alloying components (e.g., Sn>1%) 
and independent of chemical groups,
 - Typological—based on various characteristics and proportions within broad 
functional-stylistic groupings. 
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Up until 1989, the chemical analyses were made by OES using 5-10 mg of 
sample, and recording originally on a photographic plate, but employing two or 
three exposures at different excitation currents to ensure adequate recording of the 
different elements. He states in Chernykh and Lun’kov (2009) that their laboratory 
produced around 40,000 analyses by this method, of which so far only about half 
have been fully published. With the collapse of government funding at the end of 
the 1980s, the primary focus of the laboratory shifted towards the publication of 
these data and their synthesis with the growing body of radiocarbon results, a task 
which is still ongoing. After 2007, analytical work at his laboratory resumed using 
a desk mounted pXRF instrument, primarily on sampled material. 
His approach to these chemical data was to assign the compositions to a limited 
number of metallurgical (alloy recipes) and chemical groups (trace elements) on 
the basis of visual examination of the data, which are specific to each area of 
study. An example of his classification of Eneolithic Bulgarian copper objects 
with Sn<1% is shown in Table 2, where the data are divided into six groups, 
labelled 1-6 (Chernykh 1978). In other areas he named the groups on the basis 
of their presumed association with sources or source regions (e.g., Chernykh 
1970). His analysis of the data, however, then explicitly combines typological and 
chemical analysis. He carries out two sets of correlations between assemblages, 
one for typology (R) and one for chemistry (S). For typology, he defines a set of 
typological categories, and allocates every object in the assemblage to one of these 
categories, producing a numerical summary of how many objects belong to each 
category for each assemblage. He then compares assemblages on a pair-wise basis 
using the formula: 
RAB =  
n
∑
j=1
kjmj
KM
where R is the correlation between assemblages A and B, kj and mj are the 
numbers of objects in groups A and B respectively classified into group j, and 
K and M are the total number of objects in assemblages A and B. He performs 
exactly the same correlation (S) for the objects classified into chemical groups. 
He then compares both correlations between all of his cultural assemblages in a 
correlation table, which is presented graphically as a series of columns, showing 
the relationship between one cultural assemblage and all the other assemblages 
in his analysis (Figure 4). This allows an evaluation of the relationship between 
cultural assemblages for both typological and chemical data. This approach forms 
the basis of his derivation of metallurgical provinces.
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 I II III IV V VI
Sn 0–0.005 0–0.005 0–0.01 0–0.01 0–0.01 0–0.01
Pb 0–0.01 0–0.01 0.001–0.3 0.001–0.1 0.01–1 0.001–0.01
Zn 0–(0.008) 0–(0.008) 0–(0.008) 0–(0.008) 0–(0.008) 0–(0.008)
Bi 0–0.0015 0–0.0015 0.002–0.03 0–0.02 0.002–0.03 0–0.002
Ag 0.0001–0.001 0.002–0.2 0.003–0.03 0.01–0.1 0.01–0.2 0–0.02
Sb 0–(0.003) 0–(0.003) 0–(0.003) 0.005–0.1 0.003–0.02 0–0.02
As 0–(0.02) 0–(0.02) 0–(0.02) 0–(0.02) 0.03–0.8 0.1–2.3
Ni 0.001–0.02 0.001–0.02 0–0.02 0–0.02 0–0.01 0.003–0.02
Co 0–(0.003) 0–(0.003) 0–(0.003) 0–(0.003) 0–(0.003) 0–(0.003)
Au 0 0–(0.005) 0–0.01 0–0.005 0–0.01 0–0.01
Table 2: 
Chernykh's definition of six chemical groups in the objects from Eneolithic Bulgaria 
(Chernykh 1978, 79).
Figure 4: 
Part of the comparison of correlations between typological (R) and chemical groups (S) for 
eight cultural assemblages from the Eurasian steppe and forest zone (Chernykh 1970, 81). 
Each column represents one cultural assemblage, and the R and S correlations with the 
other assemblages are marked on the left and right side of each column respectively.
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At smaller scales, working within individual cultures or regional traditions of 
production, he also compared the levels of particular elements in different groups 
of artefacts to explore functional differentiation in alloy use (e.g., Chernykh 1966, 
42). Like Waterbolk and Butler (1962), he focussed heavily on hoards, where 
these occurred within his study area, and often undertook focussed examinations 
of their character in order to establish key groupings and better interpret wider 
regional patterns. In all of his writing, he regularly breaks free from the constraints 
of his methodology to draw upon his original (and very significant) experience 
as an archaeologist. Since establishing his laboratory, he has been followed in 
this tradition by a number of equally dedicated archaeological metallurgists, of 
whom Sergey Kuzminykh and S.A. Agapov are probably the most widely known 
outside Russia. Unfortunately, much of their work still remains inaccessible to 
the majority of European researchers and, in consequence, has rarely been given 
the credit it deserves. The same is true for the many other Russian and Soviet 
archaometallurgists who have not been explicitly mentioned here (Bogdanov–
Berezovskaya, Degtyareva, Grigioryev, Grishin, Khavrin, Ryndina, Ruzanov, 
Semilkhanov, Sergeeva and others) and whose work is rarely read outside the CIS 
or understood in its proper context. 
We have chosen to focus at length on the contribution of Evgenij Chernykh, 
because without his work it would have been impossible to imagine that a 
complete Eurasian synthesis could be attempted. As we began to understand 
the details of his approach, it became increasingly clear that, of all of the major 
analytical programmes described in this chapter, his remains the closest and most 
comparable, in both methodology and philosophy, to the one we have developed. 
To quote Kohl (2007, xx): 
“Although many problems remain unresolved and many paradoxes raised 
by his work are difficult to ponder, it is impossible to overestimate Evgenij’s 
incredible contribution to our overall understanding of Bronze Age 
Eurasia. In a sense, we all follow in his footsteps.”
Barbara Ottaway and the introduction of numerical taxonomy
In the 1970s, Barbara Ottaway was one of the first researchers to work not only 
with her own analyses, but also to use other published data extensively in order 
to have a more comprehensive picture of the situation in her study region. Her 
PhD thesis “Aspects of the Earliest Copper Metallurgy in the Northern Sub-Alpine 
Area and its Cultural setting”, published in 1978, was followed by two books, one 
dedicated to archaeology and society, and the other, “Earliest Copper Artefacts of 
the North alpine Region: Their Analysis and Evaluation”, published in 1982, to 
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the analysis of metal artefacts. Her aim was “to study the earliest metal artefacts 
in the north alpine region in their cultural context” (Ottaway 1982, 11). In her own 
analyses she measured Zn, As, Ag, Sn, Sb and Au with neutron activation analysis 
(NAA), and Pb, Bi, Ni and Fe with atomic absorption spectroscopy (AAS). Her 
approach to using the results from different analysts and analytical methodologies, 
however, raised for the first time the question of data compatibility (see 
Chapter 3). 
Ottaway (1982) was the first to apply cluster analysis and discriminant analysis 
in a systematic way to the composition of ancient metal artefacts. Cluster analysis 
is a methodology which uses all the analytical data simultaneously to group 
artefacts. Typically, each measured element is considered to define a dimension 
in multivariate space, so that the coordinates of each analysed object in this space 
are defined by their composition. Thus, if nine elements are measured, an object 
is defined to be a point in nine dimensional space. Distances between objects in 
this space can then be calculated using an extension of Euclidean algebra, and thus 
the proximity of objects to each other in these nine dimensions can be calculated. 
This is usually followed by a grouping algorithm, which clusters objects together 
according to the measured proximity in multidimensional space. A feature of 
this methodology is that it can also be used to combine several different sorts of 
measurements, such as chemical composition, weight and size dimensions, and 
even non-numerical data such as shape, providing it is converted into a numerical 
code. This overall approach to numerical data began in the 1960s under the title 
of numerical taxonomy (e.g., Sneath and Sokal 1973), but the first application in 
archaeology was by Hodson (1969) when he undertook the analysis of 50 Upper 
Palaeolithic assemblages of stone tools, and also of a group of 100 chemical 
analyses of copper and bronze objects, 90 taken from SAM 1 (Junghans et al. 
1960), and 10 from Schubert and Schubert (1967).
Cluster analysis is a more flexible approach than that used previously by the SAM 
group, although if new objects are added, then the computer needs to recalculate 
the similarities between all objects and create new groups. It has also been claimed 
that the use of a computer to perform the calculations reduces the subjectivity of the 
analysis, although this is not necessarily the case, since a number of choices have 
to be made about how the clustering algorithm should work, amongst several other 
things (see Chapter 2). Since the early work of Ottaway, the methodology of cluster 
analysis (and related techniques, such as principal components analysis, PCA) has 
become routine in most archaeometallurgical chemical studies (e.g., Krause 2003; 
Merkl 2011). Even the critics of such methodologies (e.g., Pollard 1983: see also 
Chapter 2) do not deny the importance of Barbara Ottaway’s work as a milestone 
in the history of numerical methods applied to archaeometallurgical data.
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According to her results on Early Alpine bronzes (Ottaway 1982), the artefacts 
were initially divided into two groups: bronzes (objects containing more than 2% 
of tin, an amount that she thought could be related to deliberate alloying) and 
“copper” artefacts, which have mostly copper with traces of other minor elements 
(Zn, As, Ag, Sn, Sb, Pb, Bi, Ni, Co, Au, Fe). Cluster analysis identified ten groups 
(or clusters) of copper, the first of which, representing copper with only small 
traces of impurities, was further divided into five sub-clusters (see Figure 5). The 
bronzes were divided into six clusters. 
 
Figure 5: 
Section of the output from the cluster analysis of 81 copper objects using 11 elements as 
input (redrawn and modified after Ottaway 1978).
A further step was to use a numerical approach to verify the correlation between 
clusters and cultures, clusters and typology, and cultures and typology. She 
highlighted the relationship between arsenical copper and the earliest cultures 
(Ottaway 1982, 121–131) and explained this as representing intentional alloying. 
She also noticed a difference between the compositions of daggers and axes, namely 
that daggers contained a higher percentage of impurities (Ottaway 1982, 156), 
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opening up a discussion which continues to this day (see Chapter 4). Significantly, 
she recognized a difference between the copper used for copper objects and 
that used for bronze production (Ottaway 1982, 156), which the methodology 
described here allows us to do relatively simply (Chapter 5). She tried to relate 
different clusters to different copper ores, but in the end she admitted that this was 
unsuccessful (Ottaway 1982, 171–180). Finally, she posed the question of whether 
the aim of elemental analysis should be to identify ancient metal ore sources, 
especially on a large scale, such as the entire European continent. Considering that 
all the attempts made in the past to do this, including her own, had been largely 
unsatisfactory, she began a debate about the use of trace elements to determine 
provenance. 
SMAP and Heidelberg
The legacy of the Stuttgart (SAM) group (samples and data) was inherited by Ernst 
Pernicka’s group at the Max Planck Institute in Heidelberg in 1987 (Krause and 
Pernicka 1996). Attention was focused on Neolithic/Early Bronze Age artefacts, 
since they were mainly interested in the origin of the Metal Age, particularly on 
the origin of copper and of tin-bronze production. In particular, Krause dedicated 
a study to the origin of metallurgy in the zone between the Carpathian basin and 
Baltic Sea (Krause 2003).
They contributed to expanding the database by adding many new analyses 
within the Frühe Metallurgie in Zentralen Mitteleuropa project (FMZM). 
They also reconsidered all the work produced by the Stuttgart group within the 
framework of new ideas and new technologies in the Stuttgarter Metallanalysen-
Project (SMAP). FMZM focused on eastern Germany, the region formerly known 
as the German Democratic Republic, which had fallen behind Western Europe in 
terms of archaeological research. Within this project about 2,400 new analyses 
were undertaken in Heidelberg using neutron activation analysis (NAA) and X-ray 
fluorescence (XRF). The analyses undertaken using both methods demonstrated 
that XRF analyses were not always reliable and, consequently, some of the results 
obtained with XRF were not included in the SMAP database (Krause 2003, 26). 
The new analyses obtained within the FMZM project contributed to the creation 
of the SMAP project, which also included many analyses by other workers. With 
these new data, the SAM database of 22,000 analyses was expanded to more than 
40,000. One aim of this project was the creation of a digital map of all these data. 
This was very ambitious considering the computers available at the time: neither 
the computing power nor the GIS packages were then capable of easily managing 
such a large amount of data.
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A fundamental issue raised by SMAP was understanding if and how data 
obtained from different laboratories using different techniques could be compared, 
a recurrent topic in the history of archaeometric research since Ottaway’s work. As 
discussed in Chapter 3, the Heidelberg group undertook a study of the reliability 
of SAM OES data. According to Krause (2003, 18–22), from a comparison of the 
results obtained by re-analysing the same objects, the analyses undertaken using 
optical emission spectroscopy (OES) were ‘broadly comparable’ with modern 
data in terms of precision and detection limits.
The method of statistical analysis employed in SMAP was cluster analyses, 
following in the footsteps of Ottaway. The data was based on the elemental 
concentrations of arsenic (As), antimony (Sb), silver (Ag), nickel (Ni) and 
bismuth (Bi). These elements were the same as those used by the Stuttgart group, 
therefore they took the opportunity to re-evaluate the results obtained by the 
Stuttgart group’s statistical analysis, finding that their conclusions were broadly 
correct (Pernicka 1995, 97). They also considered gold, silver, nickel and—
with limitations—cobalt as markers for provenance, and the other elements as 
characteristic of both provenance and processing. The element pairs silver/nickel, 
arsenic/antimony and arsenic/tin were chosen to clarify questions of the source of 
the initial ore and the processing conditions (Krause 2003, 19). Gold was excluded, 
since in most cases it was below the detection limit with OES (the technique used 
by SAM). According to the SMAP researchers, recycling of material was probably 
happening, but this did not change significantly the chemistry of the artefacts 
and its effect on the cluster analysis was considered as irrelevant (Krause 2003, 
145). After statistical analyses, they felt that there were two categories of cluster. 
One group—“major clusters”—refered to metal that was widespread in Europe, 
strongly linked to specific cultures (e.g., Corded Ware, Bell Beakers and Únětice) 
and that signify specific changes at the beginning of the Early Bronze Age. Minor 
clusters, with a smaller number of artefacts, were seen as expressions of local 
metallurgical activities. 
The work of the Heidelberg group is remarkable for their attempt to reorganize 
and manage the large amount of data from decades of research on ancient metal 
compositions. Their idea of integrating data within a GIS package was also 
valuable and is now achievable with the new technologies available. Their choice 
of using cluster analysis as the main tool to interpret the data might, however, be 
suspect in some case where mixing and recycling were prevelant, although the 
main outcomes outlined above are almost certainly correct (see Chapter 3).
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Early Bronze Age
“A” 
Principal impurities: As, Sb, Ag. 
Three Subgroups: “A1” (As>Sb>Ag); “A2” (As<Sb>Ag); “ A3” (As~Sb~Ag)
“B” 
Principal impurities: As, Ni.
Three Subgroups:“B1” (As>0.75%, Ni>0.06%); “B3” (As<0.75%, Ni>0.06%); “B4” 
(As<0.25%, Ni<0.06%)
“C” No principal impurities. Trace impurities only.
“D” 
Principal impurities: As, Sb, Ag, Ni.
Three Subgroups (based on A1–3): “D1” (As>Sb>Ag); “D2” (As<Sb>Ag); “ D3” 
(As~Sb~Ag)
“E”
Principal impurities: As, Sb, Ni. Subgroups:
None defined.
“F”
Principal impurities: As, Ag.
Three Subgroups: “F1” (As>Ag); “F2” (As~ Ag); “F3” (As<Ag)
“G”
Principal impurities: Ni.
Subgroups: None defined.
Middle Bronze Age
“M1” As between 0.65% and 1.05%; Ni between 0.2% and 0.45%; 0.05% Co; trace Sb
“M2” Similar to “M1” but with As above 1.05%
“N1”
As between 0.35% and 0.70%; Ni between 0.25% and 0.5%; 0.05% Co; 0.05% to 
0.15% Sb
“N2” Similar to “N1” but with Ni above 0.5%
“O” As between 0.50% and 1.25%; Ni below 0.2%; Sb; Ag around 0.10% and 0.20%
“P” As between 0.1% and 0.4%; Ni between 0.10% and 0.30%, 0.05% to 0.10% Co; Trace 
Sb
“R” Ni only principal impurity
Late Bronze Age
“S”
Principal impurities are: As, Sb, Ni, Ag. Both As and Sb are generally over 0.40 to 
0.50% with 0.25% Ni and 0.25% Ag. Sub-groups are defined by the ratios of Sb to As. 
“S1” with Sb:As = 1:1; “S2” with Sb:As = 2:1
“T” Similar in character to “S” but with lower levels of impurities, all below 0.40%
Table 3: 
Northover’s chemical classifications of Early, Middle and Late Bronze Age European metals 
(Northover 1980, 230–231).
Beyond Provenance36
One factor contributing to the lack of consistency between the results of all of 
these projects is that each group of researchers derived their own methodology for 
separating out ‘chemical groups’—initially variations on the themes of ‘decision 
trees’, with break-points for particular elements calculated from the distributions 
of each element, and latterly based on cluster analysis. A system that combines 
the most consistent features of all of these previous ‘decision tree’ type studies 
is that developed by Northover (1980: see Table 3), which has become the most 
widely used classificatory system in recent western European metallurgy. Noting 
the issues over interpretational differences between major analytical programmes, 
Ernst Pernicka, one of the leading archaeometallurgists of the last few decades, 
has concluded that this lack of consistency is due to insufficient attention being 
given to the geochemistry and metallurgical behaviour of the trace elements. He 
asserted that by applying careful consideration to these factors, reliable provenance 
determinations can be made (Pernicka 1999). He noted the lack of consensus about 
what conclusions archaeologists can draw from these major European programs 
of chemical analysis of Bronze Age metalwork, and stated that “[T]race element 
analysis of ancient metal objects was so discredited that for some time hardly 
anybody looked at the data available” (Pernicka 1990, 169). He emphasised that, 
for sound geochemical reasons, not all trace elements can be taken as reliable 
indicators of provenance, and concluded (as Chernykh had done in the 1960s) 
that only those which follow copper in the smelting process (as opposed to 
concentrating in the slag phase) are likely to be reliable in provenance studies. The 
most widely reported of these elements are As, Sb, Ni, Ag and Bi, although even 
some of these can also be partially affected by subsequent technological processing. 
He also considered the volatility of some of these elements, and noted that when 
smelting sulfosalts from Cabrières in southern France, primarily tetrahedrite 
((Cu,Fe)12Sb4S13) but with some tennantite (Cu12As4S13), the Sb was significantly 
lost during smelting, whereas As, which is more volatile under oxidation than Sb, 
was lost proportionately less because it is present at lower levels. 
Lead isotopes
Largely because of the growing scepticism concerning the use of trace elements 
for determining the provenance of copper alloy objects, during the 1980s 
archaeologists enthusiastically adopted the newly developing technique of lead 
isotope analysis. Brill and Wampler (1967) had shown that it was possible to 
differentiate the lead from Laurion in Greece from that obtained in England and 
Spain by using measurements of the lead isotope ratios. They did note, however, 
that an ore sample from north-eastern Turkey fell into the same ‘isotope space’ as 
that occupied by three ores from England, thus suggesting that not all ore deposits 
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had unique isotopic signatures. The scope for using lead isotopes was widened 
once it was realised that not only could it be applied to metallic lead artefacts 
(which are, archaeologically speaking, rare), but also to the traces of lead left 
in silver objects extracted from argentiferous lead ores by cupellation (Barnes et 
al. 1974). However, its full potential was subsequently developed following the 
discovery that it could also be applied to the traces of lead remaining in copper 
objects smelted from impure copper ores (Gale and Stos-Gale 1982). This latter 
discovery potentially provided archaeometallurgists with a powerful new tool to 
provenance copper alloys, but unfortunately it became somewhat bogged down 
in controversies over the interpretation of the data during the 1990s (see, for 
example, Pollard 2009). A re-thinking of the use of lead isotopes in archaeological 
copper alloys is presented in Chapter 6.
Beyond Provenance?
The title of this volume is intended to be provocative, and is aimed at encouraging 
archaeometallurgists to think beyond the simple question of ‘provenance’—taken 
here to mean ‘where does this metal originally come from?’—and to focus more 
on the causes of change within the archaeometallurgical record, which includes 
provenance but goes much wider. As shown above, the chemical analysis of 
archaeological copper alloy objects began in Europe more than two hundred years 
ago, and there have been several major analytical programmes of European Bronze 
Age metalwork during the 20th century. There can be no doubt about the immense 
contribution made by all of these projects and others, not least of which is the 
publication of the chemical analyses of at least 50,000 Bronze Age metal objects, 
mostly from Europe, but with a significant number from the Caucasus, the Urals 
and Central Asia. Nevertheless, this rich data legacy also presents us with several 
challenges. Can we afford to ignore such a large corpus of data, simply because 
it does not conform to modern standards of analytical quality? We could choose 
to restrict ourselves only to data produced after, let us say, the year 2000, using 
methods such as the electron microprobe or inductively coupled plasma–mass 
spectrometry (ICP–MS), but to do so would be to severely reduce the volume and 
geographical spread of the available data. An alternative, and the approach taken 
here, would be to develop an interpretative protocol which can accommodate the 
obvious shortcomings in some of the data. This vast legacy of data, without which 
we could not have begun to undertake the project which underpins this volume, 
provides the foundation for the methodological developments presented here. The 
original interpretations of these data, although perhaps now in need of review, 
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have set the benchmark for the development of modern archaeometallurgy, and 
have provided insights about the exploitation patterns of copper in the Bronze Age 
which continue to be used today (e.g., Thornton and Roberts 2014). 
In a recent valuable summary of the current state of affairs in European 
archaeometallurgy, Radivojević et al. (2018) demonstrate the deep hold 
that the concept of provenance still has on the minds of many European 
archaeometallurgists. This is most clearly seen in the conclusion, which states that 
the purpose of archaeometallurgical research has been to “address archaeological 
questions of alloy selection, development, distribution, and provenance, the latter 
long considered the ‘Holy Grail’ of the discipline.” Despite the generally negative 
view, as expressed by Ottaway and others, of the usefulness of chemically 
provenancing metals to specific ore sources when it is applied as a “black box” 
technique, there can be no doubt that when focussed on a specific region and 
carried out in combination with a detailed holistic view of the ore mineralogy and 
metal smelting debris, provenance studies can produce significant results (e.g., 
Stöllner and Samašev 2013). To be done well, however, such work is extremely 
time-consuming, since it requires considerable archaeological and geological 
fieldwork, combined with a very large number of chemical, metallographic and 
petrological analyses. We outline a different option, as explained in Chapter 2, 
which is to suggest that in some circumstances provenance may not be the only, 
nor perhaps the most meaningful, archaeological question to be asking. 
Radivojević et al. (2018) also point to the increasing practice of hoarding 
metal in Europe from the mid-second millennium BCE onwards, and associate this 
with increased metal recycling. They note that: “how to recognize recycling and 
determine when and the degree to which it occurred is a promising research area”. 
Many of the previous studies (with the notable exception of Chernykh) have either 
ignored completely the potential complexities arising from the mixing or recycling 
of metal from different sources, or have acknowledged that such practices would 
invalidate the simple hypothesis of provenance, but have then largely dismissed 
the problem. Crucially, what is not yet clear is the balance between situations 
where traditional provenance is meaningful and achievable, and situations where, 
because of intense recycling, it is not. We argue in Chapter 2 that this balance is 
likely to be different over time and place, and even between classes of object. 
In other words, there will be circumstances in which a ‘traditional’ approach to 
provenance is worthwhile, and those where it is not. We have focussed our attention 
on developing methodologies to address this latter situation, but we should note 
that the methods developed here to consider such complex circumstances work 
equally well in situations where provenance is meaningful, and therefore nothing 
is lost by taking such an approach. Furthermore, given the plethora of mutually 
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exclusive interpretational methods applied to chemical data in the past, another 
of our objectives has been to provide a ‘universal’ system for approaching the 
initial classification of chemical data. This is not to imply that the archaeological 
contexts and interpretations are universally similar, but merely to say that the initial 
methodological approach to the data is the same wherever the data originate, and 
that new data can be added without requiring complete recalculation of the results.
Archaeology has progressed much since the launch of the major analytical 
programmes on copper alloy artefacts in the 1930s and 1940s, and certainly since 
the idea of determining the provenance of archaeological artefacts by chemical 
means was first articulated in the 1860s. Our questions have evolved from the 
apparently simple, but in fact quite complex, one of “whether there are any 
means of recognizing the locality from which the metal in a given copper object 
was obtained” (Coghlan et al. 1949), to a set of more complicated and socially-
embedded questions about how humans actually used and circulated metal objects 
(see, for example, Kienlen 2013). As summarized by Radivojević et al. (2018), 
modern views on the history of metal use have evolved considerably from the early 
assumptions driven by either technological or geological determinism. The older 
vision of bronze reflecting a static sequence of ‘metal industries’, as articulated 
by Childe and others, has been replaced by ideas of a “dynamic ‘metallurgical 
landscape’ during the European Bronze Age, with numerous local and regional 
metal producers feeding the demand for metal” (Radivojević et al. 2018).
Our approach, as explained in Chapter 2, is an attempt to visualize this 
much more fluid world. It entails understanding not only the life history (object 
biography) of individual objects, but also emphasizing the characteristics of 
assemblages of objects, and consequently the life history of the flows of metal 
from which these objects were made. To use a simple analogy, if we think of the 
extraction of metal and the manufacture of an artefact, then this is merely the 
‘birth’ of the artefact, which might subsequently go on to have a long and varied 
life history. A focus on provenance then becomes analogous to thinking that the 
only factor of importance in a person’s life is where he or she was born. We aim 
to show that the chemical and isotopic composition of assemblages of objects 
contain patterning which can potentially reveal not only the ‘birthplace’ of such 
objects (i.e., the provenance), but also other significant events in their life history. 
Sometimes these events might render the determination of provenance difficult if 
not impossible, if they involve the mixing of metal from more than one source, or 
the recycling of objects. Nevertheless, we would argue that valuable information 
(and indeed, archaeologically speaking, information potentially even more 
valuable than provenance) can be derived from a chemical study of the life history 
of these objects, which is, of course, a history of the interaction between objects 
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and humans. Put simply, we believe that the focus of the interpretation of chemical 
and isotopic data from archaeological copper alloys should start with detecting 
change in the material record, rather than concentrating solely on determining the 
source of the metal. After all, the basic methodology of archaeology is to detect 
and interpret change in the archaeological record. Our aim here is to show how 
we might build upon and add to the achievements made during the earlier phases 
of archaeometallurgical study, by developing a new set of methodologies based 
on these ideas, which ultimately aim to put the use of metal more firmly into its 
social context.
Chapter 2
Developing a 
New Interpretative Framework
 
Perhaps the most important characteristic of the framework and the consequent 
toolkit we have created for FLAME is that it focusses on detecting and quantifying 
change over time and differences over space in the archaeological record. In 
our case, the key elements in the archaeological record are the metal objects 
themselves, and our aim is therefore to produce a toolkit which reveals observable 
changes in these objects over time and space. Our entry point to identifying these 
changes is via the chemical and isotopic composition of the objects themselves, 
but such changes can only be meaningfully interpreted when contextualized by 
their typology, decoration, archaeological context, and manufacturing technology. 
The ultimate aim of FLAME is to use the changes revealed by a comparison of 
the chemical and isotopic data to infer human action and intention. It is this focus 
on ‘change’, and the explicit intention to interpret such change in terms of human 
action, that distinguishes our philosophy from the more limited ambitions of some 
of the previous analytical projects reviewed in Chapter 1, focussing primarily on 
‘provenance’.
Such inferences, however, cannot meaningfully be made on the basis of 
individual analyses on isolated objects. These analyses give no sense of what is 
‘normal’ or ‘expected’ for a particular object type in a specific time and place, and 
therefore lack any comparative context—this is effectively the same argument as 
that made by Pittioni (1957) when challenging the work of Otto and Witter (1952), 
as discussed in the previous chapter. Observations of change and difference have 
to be made on the basis of group properties, which should be determined on as 
large a number of objects as possible. We term such a set of objects an assemblage. 
A variety of views on the meaning of the term ‘assemblage’ have recently been 
published in a special issue of the Cambridge Archaeological Journal (2017(1)), 
where, as with many commonly-used archaeological terms, one finds that the 
concept itself is fluid. As discussed further below, we see an assemblage essentially 
as a thematically-defined group, the nature of which is not fixed but depends on the 
specific question being asked. In our case, an assemblage could be all the metal 
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artefacts from a particular tomb, or all the metal objects belonging to a particular 
archaeological culture, or all the bronze daggers of a particular shape from across 
Eurasia. The toolbox described in the next chapters is designed to reveal changes 
in chemical and isotopic composition through a comparison of such assemblages. 
One other key point to note is that our attention is intentionally focussed on 
objects, or more strictly on assemblages of objects, as opposed to other sources 
of metallurgical data, and our methodologies have been developed accordingly. 
That is not to say that we are not interested in these other sources of evidence 
relevant to metal artefacts, such as the mineralogy and chemistry of known 
ancient mining sites (as provided by, for example, O’Brien 2015), or the chemical 
metallurgy of the smelting process, or the metallographic structure of the objects 
themselves. However, we regard these as independent sources of information, 
to be subsequently compared with the results of the analysis of the objects 
themselves. Thus, if we identify a particular region as being dominated by objects 
made from a particular type of copper (see Chapter 4) in a specific time period, 
then this offers us a starting point to postulate that a mine or mines operating at 
that time and producing such copper should exist within that particular region. The 
identification of a mine capable of doing so then provides independent evidence 
that such copper was being locally produced. It is however worth noting that our 
mapping approach for different types of copper can also suggest the geographical 
extent of the use of such copper, which is information not immediately obtainable 
from the examination of the mining area itself. Conversely, the absence of such 
a suitable production area within a particular region would strongly suggest the 
importation of metal from another area. The use of a GIS database allows for the 
overlaying of several such independent sources of information, thereby facilitating 
the combination of these multiple strands of evidence. 
Building a new conceptual framework: ‘Form and Flow’
Our conceptual framework is the major feature that distinguishes our approach 
from those of many previous workers, but to some it may at first glance appear 
unnecessarily abstract. In our view, however, it provides a powerful new 
framework which allows us to combine data from many different sources, and 
in particular to link chemical and isotopic data to human behaviour (Bray et al. 
2015). As such, it has been very helpful in guiding the development of the tools 
and ideas discussed below. Rather than focussing on specific metal objects, the 
central concept is one of metal ‘flowing’ over time through society, and being 
chemically and isotopically modified by a series of human interventions, which 
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will in turn influence the composition of new objects produced from that flow. 
Such interventions might include: 
 - the mixing of ore or smelted copper from more than one mining source; 
 - deliberately alloying copper with significant quantities of another metal, such 
as tin or lead, to create a new material; 
 - re-working an object into a new shape, possibly with re-alloying and/or the 
addition of other metal, or recycling objects to create new objects. 
We can see that many such factors can combine in a wide variety of ways to produce 
a complex dynamic system which affects the composition of the flow of metal 
and the metal artefacts made from it. Our aim has been to develop a quantitative 
methodology to follow and disentangle this system. It should be immediately 
obvious that it automatically includes the traditional concept of provenance, if 
the situation is simple enough to do so, but is also capable of dealing with more 
complex scenarios.
Metal flow
The concept of metal flow in archaeology has been emphasized by several scholars 
(e.g., Bradley 1988; Needham 1998; Jin 2008; Pollard 2009), often in the context 
of attempting to model trading networks and technological pathways, or to express 
the life cycle of an object as it is made, used, and deposited. An example of the 
latter is illustrated in Figure 1, from Ottaway (2001), in which the metal is seen 
to go around a cycle starting with mining and smelting, through the manufacture 
and use of the object, and ultimately back to an oxidised form through corrosion. 
It is effectively a thermodynamic cycle in which energy is consumed in converting 
the ore to the metal, and entropy eventually causes it to revert to its mineral state. 
Such a cycle is a useful representation of the practical cycling of metal, but our 
‘flow’, dealing with the underlying metal, is more abstract than this (Bray and 
Pollard 2012). Essentially it is a theoretical construct which enables us to separate 
the lives of individual objects from that of the metal from which they are made, 
and ultimately to link together the data from mines and smelted metals to objects.
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Figure 1: 
Cycle of copper production and working (redrawn after Ottaway 2001).
In creating this model, we have relied heavily on the theoretical construct of the 
‘biography’ of an object (Gosden and Marshall 1999). The concept of a person’s 
biography is well understood and well established. It is a record of a person’s birth, 
life, deeds and death. It examines the way in which a person interacted with the 
world, and the way that the world interacted with them. Just as every person has 
their own unique biography, so too does every object. At the heart of this notion of 
object biography are questions about the links between people and things: about 
the ways that meanings and values are accumulated and transformed. Biography 
is relational, and an object biography consists of the sum of the relationships from 
which it is created. As an object goes through the course of its functional life it 
interacts with people. Such objects do not simply set the stage for human action, 
they are integral to it. In our case, however, we need to think about the distinction 
between the biography of a single object and that of the underlying metal flow. A 
specific object may have only a relatively brief existence, but the metal flow from 
which it is made, and to which it might be returned if it is recycled, may have a much 
longer existence. In many ways this concept is similar to that of prosopography, 
familiar to historians. This describes the situation where each individual within 
a defined group, such as all the bakers in Medieval Nottingham, might have left 
a relatively sparse biography (e.g., birth date, marriage date, location of bakery, 
etc.). However, when all these sparse records are assembled and integrated, we 
may get a good picture of the life of bakers in Medieval Nottingham—not of any 
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particular individual, but an average of the lives of this assemblage of bakers. 
Our metal flow is in some ways equivalent to the assemblage of bakers’ lives—an 
object prosopography.
Simple linear biographies
The biography of a single object may be conceptually very simple—it could be 
made, used for a short period, and deposited, to be later found by archaeologists. We 
term such an object biography a simple or linear trajectory. As a trivial example, 
we may imagine that a member of the elite demands a particular object be made 
using primary copper from a specific source. We use the term ‘primary’ here to 
denote copper fresh from the smelter or refinery, and not mixed with copper from 
any other source. This primary unit of copper is probably then alloyed with tin 
and perhaps lead to give certain desired physical or visual properties. The object 
is made from this metal stock and performs a specific function for a period of time 
in the elite household, and is then buried within the tomb of the person, probably 
only a few years or decades after manufacture. In this simple scenario, the object 
then sits in the tomb until it is excavated, conserved, chemically analysed, and 
perhaps put on display in a museum. Although from a theoretical perspective we 
must also consider the period in the tomb and on museum display to be part of 
the object’s biography (van der Stok-Nienhuis 2017), in terms of our flow model 
the object is only part of the flow of metal for the period when it is in active use, 
from manufacture to deposition. After that, it is effectively ‘out of circulation’ 
and not able to contribute to, or be affected by, the flow. Moreover, even when 
it is ‘in circulation’, in this particular case it undergoes no significant changes—
after it has been smelted, alloyed, and manufactured, neither its composition, 
form nor decorative features are altered until after it is removed from circulation. 
Essentially it carries the same information into the grave as it had when it was 
first made. In this case, it is an instantiation of the composition of the metal flow 
available to the metalworkers at the time it was made. For objects which follow 
such a pathway, the traditional chemical and isotopic approaches to provenance 
are likely to be feasible, and possibly successful (Figure 2). Any ‘fingerprint’ 
inherited from the ore source is highly likely to be preserved within the object. 
The traditional ‘provenance’ models using chemical and isotopic data appear to 
have generally assumed (often only implicitly) that all archaeological copper alloy 
objects more or less follow such simple (linear) paths. Our view is that this may be 
the case, but the onus is on the archaeologist and analyst to explicitly demonstrate 
that this is true before moving to undertake provenance studies.
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Figure 2: 
Linear and complex object biographies.
Complex biographies
Although such a simple short biographical pathway between origin and deposition 
is of course possible, it is obviously not the only trajectory that we might imagine. 
For example, instead of being buried in the elite tomb, the object could have been 
passed on to succeeding generations, either as a practical object for further use, or 
as a memento, or an heirloom, to be buried some time later with a descendant of 
the original elite person. It might thus remain in use for several generations, being 
inherited, curated, and passed along repeatedly. This scenario simply extends the 
active life of the object. Following burial, however, it might have been looted 
and re-used in its original form, but in another time and, possibly, place. This 
too would lengthen the ‘active’ life of the object, which would then have had an 
‘interrupted’ life history, both in time and perhaps also in space, if it is transported 
some distance after looting. All of these possible combinations of scenarios simply 
extend the ‘active’ life of the object, but do not of themselves physically change 
the object, nor the chemical information contained within it. As in the previous 
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example, it still carries to the tomb the same information that it had on creation, and 
is still an instantiation of the flow of copper at the time it was made. If, however, 
it was looted from a tomb, or passed on into a new social context by some other 
mechanism, such as trade, exchange or gift-giving, it may no longer have had the 
meaning that it did in its original context, and might have been melted down to 
create one or more new objects. The original object, in this new social context, may 
have been seen more as an ingot containing a convenient supply of raw material 
rather than as an object containing significant symbolic capital. At this point it may 
simply have become ‘scrap metal’, to be mixed with other unvalued object forms, 
and potentially reworked into other completely unrelated forms. We may imagine 
that such processes could continue in this way for some time, until the object is 
finally lost or deposited. We would term such a life history a branched or complex 
biography. The mutability of copper and its relative resistance to corrosion lends 
itself to such long and complex lifetimes, although perhaps not to the same extent 
as gold and silver, or possibly even glass. 
But, in this last scenario, to which object or objects are we actually attaching 
this biography? It cannot be to the original object, unless we choose to see such 
a chain of events as being composed of a sequence of related objects, each with 
their own biographies. This might be appropriate for a particular set of events, 
where a single object is re-made at intervals, but with no addition of new metal. 
However, at each re-melting event in such a chain, there is the potential for the 
metal from one object to be divided between many objects, or for many objects to 
be amalgamated into one object, or new metal from a different source to be added. 
Under such circumstances, we suggest that it is better to switch our focus from the 
biography of individual objects or a sequence of objects to the biography of the 
metal contained within these objects, since it is this metal which is actually being 
manipulated by human agency. This is our conceptual flow of metal. It ‘flows’ 
through the objects, but its composition can change over time, as new sources of 
metal are added to the flow, even though the composition of each individual object 
within the flow may not change over its own lifetime. Moreover, we can conceive 
of a metal flow which can change composition over time without objects being 
recycled, simply by a new stock of metal being injected into the flow. This new 
stock may come from a new mine source being added to an existing flow of metal 
from the original mine, causing a significant change in the composition of the 
flow. It could also be that the flow is interrupted—metal from one mining region 
becomes no longer available, and is simply replaced with material from another 
source, with no continuity between the two. Hence the flow model is not predicated 
solely on the recycling of objects, but takes into account the multiplicity of events 
which might befall the metal flow. 
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To aid the explanation of this model, in a previous paper (Bray et al. 2015) we 
likened the flow of copper to that of a river, but this analogy is perhaps unhelpful 
if taken too literally. There are certain features which work, such as the idea that 
objects can be ‘scooped out’ of the metal flow like water in a bucket, and returned 
to the river if recycled. The concept of tributaries joining together is also a useful 
analogy for multiple mines providing metal to the flow, but the fact that rivers tend 
to grow in volume from source to sea does not necessarily apply to metal flow. 
It is more likely that the flow is greatest nearer to the source(s). In that paper, we 
also placed great emphasis on the role of recycling of individual objects or groups 
of objects in changing the composition of the flow. This was perhaps useful in the 
context of the Early Bronze Age in Western Europe, where we think that down-
the-line trade and recycling may have been part of the dominant mode of metal 
transport, as a consequence of objects being passed between groups of people 
over relatively short distances, and re-modelled to fit local expectations of shape. 
More generally, however, we feel that in many cases this process is likely to have 
been a minor contributory factor compared to the greater volumes of raw metal 
being injected into the flow from new mining and smelting sites. We therefore see 
this hypothetical ‘flow’ of metal as being a useful tool for linking the composition 
of metal flowing from many mines, as well as being a mechanism for handling 
the possibility of the large-scale recycling of objects. It is almost certain that the 
balance between the influences of these two mechanisms will vary over space 
and time, as well as by the form of the object (perhaps weapons being treated 
differently to more mundane objects), and also the social status of the potential 
users of the objects. Nevertheless, by developing a series of tools which allows 
us to detect change in the flow of this metal, we believe we provided a practical 
framework for identifying and untangling the complex nature of the interaction 
between humans and metal.
Flow and provenance
It is worth reflecting at this point what the differences are between a dynamic 
‘flow’ model as described here, and other more traditional scenarios, since this is 
a key distinguishing feature of the FLAME project. In the case of an object with 
a simple linear biography, or any linear biography in which the original object 
remains intact, then the conventional ‘provenance hypothesis’ as first enunciated 
by Damour (1865, 6) and summarised by Wilson and Pollard (2001) clearly 
applies. There is likely to be some characteristic of the ore that, after allowing 
for the changes which can occur in smelting and manufacture, is carried through 
into the object. This can be measured and, after comparison with appropriate ore 
data, or some other material of known origin, can be used to assign an object to 
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an ore source. Strictly speaking, of course, such a procedure can only eliminate 
sources from which the object could not have come, rather than prove the metal 
to have come from a particular site. Nevertheless, the ambition of provenance can 
in principle be achieved. But what of the second scenario? If metal from many 
ore sources is mixed, as might be necessary in large-scale bronze production, or if 
several objects are recycled to make something new, then the simple link between 
a single ore source and the object is gradually destroyed. Ultimately, an object 
ceases to have a single source, and the simple ‘provenance hypothesis’ becomes 
meaningless.
Figure 3 shows a series of schematic interpretations of some of these scenarios. 
The first sketch shows a set of objects recovered at different times, and a series 
of inputs, which probably represent different mining sites. Between them is the 
hypothetical metal flow, which consists of all the objects (plus scrap metal, ingots, 
etc.) that exist at a particular time and place. The composition of this flow is of 
course unknown, both in terms of the total population and typology of the objects, 
and also its range of chemistries. The second sketch illustrates how we can use the 
chemistry of an assemblage (the recovered and analysed sample) to approximate 
the chemistry of the metal flow at that time, providing we can be satisfied that the 
assemblage is sufficiently representative of the parent population—the flow. The 
third suggests how separate metal flows might co-exist—in this example, an elite 
flow and a common flow, each drawing on different sources of metal, and giving 
rise to different assemblages. This sketch also indicates a fracture in the metal 
flow caused by a culture change, which we hypothesise, changes the metal supply 
systems, such that the composition of the flow changes. There is, however, the 
possibility of some continuity across the transition, if the later culture robbed or 
reused metal that was in circulation before the change. 
A key question, and one which we may never be able to answer satisfactorily, is 
‘how many archaeological copper objects conform to the single source hypothesis, 
and how many are too complex for this to be a meaningful question?’ We can 
postulate some general answers to such a question, which may or may not be 
helpful. In regions close to a single large mining source, where fresh metal supply 
is plentiful, we might expect there to be little mixing or recycling, and therefore the 
provenance hypothesis is likely to be valid. Further, we may expect the degree of 
mixing/recycling to increase with distance from such a source (although distance 
need not be a linear measure, but may be directional, and depend on factors such 
as ease of river transport, etc.). Such a simple linear relationship might also apply 
but in a different way to a highly organised complex society, where the means and 
resources exist to transport large quantities of metal from very specific sources 
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Figure 3: 
Hypothetical illustrations of metal flow.
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over considerable distances. The reverse could, however, also be true—highly 
organised complex societies might have the resources to draw in metal from 
many sources, and mix them at the foundry sites, thus negating the provenance 
hypothesis. In metal-consuming regions which are remote from metal sources, 
where the supply may be difficult or discontinuous, we may expect a far higher 
degree of mixing and recycling. Geography may not, of course, be the only factor. 
Political interventions (or, indeed, natural disasters) might disrupt the supply 
from a particular region, causing a switch of the inputs into the flow. Societies in 
terminal collapse, where central control has diminished and they no longer have 
the capacity to control the metal circulation, may also see a rapid change in the 
balance between the use of fresh metal and recycled metal. We see just such a 
situation at the end of the Roman occupation of Britain, where we have postulated 
that by the end of the Early Saxon period, some 250 years after the collapse of 
Roman Britain, at least 75% of the copper alloy in circulation was still recycled 
Roman (Pollard et al. 2015).
However, under the flow model, all is not lost in these more complex scenarios, 
even when mixing and/or recycling may become significant. In such situations, we 
must switch to a stronger focus on thinking about detecting change in the flow of 
archaeological metal using the appropriate tools, rather than simple provenance. 
This means that the traditional question of provenance has to take a back seat, 
although it is not forgotten altogether. It merely becomes one of a number of 
possible explanations for the observed chemical changes in the metal flow. In 
other words, the cause of these changes may not be a simple switch in ore source, 
but might reflect many other factors, such as a massive input of looted metal, or 
a change in smelting practice, or a general increase in recycling. Nevertheless, 
we suggest that the observation of such changes within the metal supply is still 
archaeologically meaningful. In fact, we might argue that the ability to detect such 
changes is more archaeologically meaningful, and possibly more interesting, than 
simply thinking about changes in ore source. Put more philosophically, we might 
argue that our model attempts to deal with the general case of human interaction 
with metal, whereas provenance is an example of a specific case, sitting within the 
more general and potentially more complex situation.
Operationalizing the framework
Several groups of researchers have articulated frameworks for understanding 
metal circulation which are similar in many respects to that described above (in 
particular, Chernykh (1992) and Ottaway (1982)). Our model differs primarily 
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by explicitly separating the biography of the individual objects from the 
conceptualised biography of the underlying flow of metal. But what in reality is 
this ‘flow’ of copper? It consists of a series of snapshots of the stock of copper (or 
copper alloy) available at any particular time and place, and the ‘flow’ reflects how 
this stock changes over time and space. The stock is made up of all the available 
copper alloy resources at that time and place, including all objects, plus fresh 
metal ‘ingots’ and other ‘scrap’, and the chemical and isotopic composition of 
the stock is therefore the average of that in all of its components. However, its 
precise composition is, of course, generally unknown, and largely unknowable, 
to us. We can, however, tentatively make the assumption that the composition of 
those objects that are available to us (i.e., all the chemical and isotopic analyses 
of objects from that particular time and place, which is one definition of an 
assemblage) is a representative sample of the composition of the stock. This 
allows us to reconstruct the chemical and isotopic composition of the metal in 
circulation at that time and place, and, hence, to compare the metal in circulation at 
different times or places. This assumption is of course only true providing the data 
available to us are an unbiased sample. As is inherent in all aspects of archaeology, 
this is unlikely to be completely true, perhaps through the vagaries of sample 
preservation, or excavation strategy, or through biases in the selection of samples 
for analysis (arising from museum sampling constraints, interests of the analyst, 
etc.). The issue of sample bias is addressed in more detail below.
The toolkit: the “Oxford system”
Based on the model developed above, we have devised a system (sometimes 
referred to as ‘the Oxford system’), which is based on a set of three separate but 
interlinked groups of tools:
 - trace element composition or ‘Copper Groups’, which focusses on 
information derived primarily from the copper ore source(s), but which may 
potentially be altered by subsequent human manipulation of the metal,
 - alloy composition (‘Alloy type’), which is defined to be the result of intentional 
action, as craftspeople choose to add metals to modify the characteristics of the 
material (fluidity in casting, colour, hardness, etc., or perhaps to give additional 
symbolic significance), but subsequent mixing and recycling might move the 
assemblage away from the originally-designed alloy compositions,
 - lead isotope composition, which can give information about the source 
of copper, or the added lead, but is also susceptible to alteration due to 
anthropogenic mixing.
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These tools are based on the intrinsic properties of the objects (i.e., on their 
chemical and isotopic compositions), to which we add at least one more intrinsic 
property, that of form (as described by typology), which is imposed by humans 
and reflects the socio-technological context of production, amongst other things. 
We can of course elaborate on this, by considering form to be a complex variable 
incorporating decoration, manufacturing technology, the ‘technological style’ 
of Lechtman (1977), etc. There is a fifth (extrinsic) property, namely ‘context’, 
which frames the life history of each object, and allows us to situate its intrinsic 
attributes within the wider physical and social world.
It is important to note that, in general, and if the data support it, we would 
normally attempt to use all three of these toolkits together to address a particular 
archaeological question. Frequently this is not possible because we cannot get a 
full set of major and trace element data, plus isotopic measurements, on the same 
objects. If it is possible, however, then it is generally worth doing because each 
toolkit provides a specific perspective on different aspects of human behaviour, and 
it is only by piecing them all together that we can hope to obtain a realistic answer. 
In general, the trace elements contain information about the source (or sources) of 
the copper, and might provide some evidence for the manipulation and recycling 
of the metal. The alloying data gives us a picture of the desired alloy composition, 
if it is a deliberate alloy, or allows us to demonstrate that the assemblage represents 
a set of objects which have no common target composition, which might be 
indicative of extensive recycling. The toolkit is therefore deliberately designed 
to consider the identity of the copper in circulation separately from any alloying 
processes. This separation is a unique and powerful feature of the Flow model. 
Alloying can be a deliberate choice, aimed at producing a metal with specific 
physical or aesthetic properties, but equally it may be a series of deliberate choices, 
where a particular alloy may be re-alloyed sometime during its lifetime, perhaps 
by adding more tin to change the colour, or by adding lead to increase the fluidity 
of the melt, or to dilute and extend the stock of metal. We do not therefore see 
alloying as necessarily being a single unique event in the life of the flow of metal. 
Thus, neither the percentage of the alloying elements present in an object, nor the 
consequent ‘alloy type’, is a fixed property within the metal flow.
In modern foundry practice, and presumably also in ancient practice, it is not 
unusual to sort alloys before recycling, so that the composition of the final product 
can still be controlled to some extent. However, in a situation where recycling is 
extensive and/or not very selective, we may also envisage that the make-up of the 
alloy becomes increasingly less controlled, and ultimately results in metal where the 
alloying elements are present at more-or-less random levels, which may be below 
the levels at which the alloying elements exert much influence on the physical and 
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aesthetic properties. In contrast to the modern (engineering) definitions of alloys, 
our approach is specifically designed to highlight such situations, and distinguish 
between intentional ‘primary’ alloying and less intentional ‘secondary’ alloys.
In particular, we can consider circumstances where some copper from a 
specific source (or mixture of sources) is circulated in an unalloyed form, whereas 
some of the same copper is alloyed and then circulated in the alloyed form. By 
conceptually separating the processes of producing the copper and producing the 
alloy, we can therefore begin to ask questions about the form in which the metal was 
circulated—perhaps as separate ingots of copper, tin and lead, to be subsequently 
mixed to order at the foundry, or as preformed ingots of copper with tin (or lead) 
already added. The practice of recycling would suggest that the raw material at 
the foundry might also include objects which have no specific significance or 
value. This in turn prompts a discussion of what the commonly-used term ingot 
actually means. Normally it is defined as a block of raw single metals (i.e., ingots 
of copper, tin and lead) transported specifically to be used at a foundry to create 
objects. We believe that we must allow for the possibility of ingots consisting of 
pre-alloyed metals, but also that, in some circumstances, an unwanted object may 
simply be regarded as an ingot of raw material. In other words, one person’s axe 
might become another person’s ‘ingot’, and this might be an important mode of 
trade and exchange in some contexts. It does not require much imagination to see 
that in some circumstances recycling other people’s metal objects is likely to be 
far easier than mining, smelting and transporting fresh metal. This leads to the 
introduction in Chapter 5 of the idea of regional alloying practice, where we might 
look for regional patterns in how alloys were designed and produced. 
In Chapter 6, we present new ways of presenting lead isotope data, which 
differ from the conventional approach of plotting a scattergram of two sets of 
isotope ratios. The purpose of this is, however, more than simply to explore new 
presentational techniques: it represents a fundamental re-think of the use of lead 
isotopes in archaeology (Pollard and Bray 2015). The conventional approach 
simply represents the adoption of the interpretational techniques developed in lead 
isotope geochemistry, the original purpose of which was to provide a graphical 
means for calculating the geological age of particular lead deposits. Although 
useful in some circumstances, we suggest that the interpretation of lead isotopes in 
archaeological objects is different from that in geological ores, primarily because 
of human action—the possibility of mixing lead from different sources, the 
addition of lead to copper objects, or the recycling of objects containing lead from 
one source into the flow of metal which might contain lead from other sources. In 
other words, there is an additional layer of complexity in archaeological objects 
which is not easily accounted for in the conventional geological approach. Using 
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the techniques described in Chapter 6, we can distinguish between objects where 
the lead is low and the lead isotopes are likely to reflect the source of the copper, 
and those objects containing more lead, probably deliberately added, where it is 
the source of the lead that is being identified by the isotopic data. Since such 
diagrams also show mixing lines between different isotopic sources of lead, we 
can begin to see patterns where the same source of copper is mixed with lead of 
two or more isotopic values, potentially reflecting two or more different sources 
of lead. Equally, we can see the reverse—the same lead being mixed with two 
different sources of copper. These examples simply serve to show the complexity 
of the possible metal flow patterns that might occur within and between different 
societies, but also that the methods described here can begin to unravel this 
complexity.
We can now re-visit the idea of an assemblage, introduced above as being the 
totality of the objects from a particular place and time for which we have chemical 
and/or isotopic data. We use such an assemblage as the best possible proxy for 
characterizing the metal available at a particular place and time. We must, of 
course, always remember that our assemblage is, at best, a biased sample drawn 
from a biased sample of a biased sample of an unknown and unknowable parent 
population! The three sources of bias referred to here are i) the bias introduced 
by the original choice of objects to be deposited into archaeologically accessible 
contexts, ii) the bias of archaeological recovery in terms of the contexts selected for 
excavation, and iii) the bias in selecting excavated objects to analyse chemically 
and isotopically. As explained in Chapter 3, it requires a strong focus on typology 
and archaeological context when interpreting the data from such analysed objects 
to minimise the effect of these biases.
Whilst this is one way of using the term assemblage, we can sometimes be more 
specific, which might also be helpful in countering some of the biases discussed 
above. It is essentially a scalable parameter which needs to be specifically defined 
for each question being asked. For example, it could be all the metal objects from 
a single tomb, which then allows us to compare the characteristics of the metal 
in this tomb with those from other tombs, or with the general pattern of metal in 
circulation. Within the excavation of a single site, it could be all the metal objects 
from a particular phase of occupation, which would allow us to look at changes 
over time by comparing the metal assemblage between phases at that particular 
site. Scaling up, we can equally define an assemblage as being all the metal from 
a particular cultural group, which allows us to compare between groups—thereby 
addressing questions of the degree of interaction between adjacent cultures, or 
the degree of continuity between successive cultures. On the other hand, we 
may choose to classify all the objects of a particular type as an assemblage, 
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irrespective of where they were found, thus allowing questions of the relationship 
between typology, function and metal use to be considered (such as ‘were 
personal ornaments made from the same copper, and alloyed in the same way, 
as weapons’?). In each of these cases, the assemblage is selected specifically to 
represent the class of objects necessary to answer the question being asked. When 
combined with ubiquity analysis (the percentage of a particular assemblage made 
up of a particular type of copper or alloy) and profile analysis (the distribution 
of a particular element in all of the objects in the assemblage) we can use spatial 
and temporal mapping to follow these subtle chemical shifts caused by human 
interventions through space and time.
Taken together these tools offer an integrated methodology which combines: 
i) a model for the chemical changes in copper-alloys caused by human and 
technological processes, with ii) a re-definition of the terminology for alloy 
composition, which does not implicitly assume deliberate alloy design, and iii) a 
new way of interpreting lead isotope data that is more sensitive to anthropogenic 
mixing. One strong feature of this system is that it is both scalable and universal. It is 
scalable in the sense that it can be applied to assemblages representing the contents 
of a single grave or hoard, up to a particular type of object which is distributed 
across all of Eurasia. It is universal in the sense that the basic methodology can 
be applied anywhere, and used to compare assemblages from widely separated 
places and times. That is not to say that it can be applied anywhere in a mechanical 
fashion, with guaranteed outcomes—although the processes we have developed 
are universally applicable, the interpretation of the observed changes will be 
radically different, depending if one is dealing with a set of relatively small-
scale loosely organized societies, such as those found on the Steppe, or a highly 
organized and centralized state such as Dynastic China or the Roman Empire. 
Nor can it be assumed that by simply applying the prescribed methodology to 
any archaeological situation, all questions will be answered! It does mean, 
however, that data from, say, Eastern Europe can be directly compared with that 
from southern Siberia. This avoids the limitation seen when classifications taken 
from earlier studies are compared, since most of these classifications are derived 
from internally defined parameters, making them specific to that dataset. Thus 
the outcomes of the SAM programme cannot be directly compared with those of 
Chernykh, whereas using our methodology the results can be directly compared 
across all of Eurasia. Our assertion is that the methodological tools described here 
can be used as a starting point for any archaeological interpretation, but specific 
questions might require a different set of subsequent approaches. 
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Sample bias
Above we raised the issue of the potential bias between the objects for which we 
have chemical analyses, and the totality of the metal produced in a particular region. 
This is a serious issue, and one that is rarely discussed in traditional approaches 
to archaeometallurgy, particularly in provenance studies. One conventional aspect 
of sample bias is to consider how well the average analysis of the assemblage 
(the sample) represents that of the (unknown) parent population (the flow). We 
can of course calculate the average composition of the objects in the assemblage 
available to us, and produce a mean and standard deviation for each element (e.g., 
Cu = 64.5 ± 1.2 %, etc.), providing that we think the distribution of each element 
is approximately normal within the assemblage. Sampling theory, however, tells 
us that although the average is the best available estimate for the mean of the 
population, the standard deviation of the sample (the analysed assemblage) is not 
the standard deviation of the population (i.e., the stock of metal), and also that 
the calculated standard deviation for the assemblage is invariably smaller than 
that of the parent population (Miller and Miller 1984, 41–44). The latter can be 
calculated from that of the sample, provided we know the sizes of the sample 
and the population, as illustrated in Figure 4. We know the size of the sample, 
but that of the population is unknown, and is likely to be much greater than that 
of the sample. If the sample size is large compared to the assumed size of the 
parent population (e.g., if we have analysed most of the objects in a tomb), then 
the difference will be minimal, but for small samples, where we might only have 
analysed 200 objects from an area which is likely to have produced millions, then 
the difference will be very large. Most archaeometallurgical studies, however, do 
not take this into account, and simply take the parameters of the sample to be those 
of the parent population, and then use these data to perform further numerical 
calculations. 
A more significant issue in the context of FLAME is the potential bias arising 
from the typological mismatch between the sample and the parent population. 
As shown in Figure 5, if the hypothesised parent population contains a number 
of different typologies, but the proportions in each segment are unknown, then 
we have to assume that the totality of known objects (i.e., those which have been 
archaeologically recovered) represents faithfully the divisions in the unknown 
parent population. In this hypothetical example the recovered population consists 
of 25% axes, 35% daggers, 10% swords and 30% pins by number. If we assume 
that each of these categories has a different chemical composition, then the 
analysed sample will be biased if it does not contain the same proportion of object 
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types. This becomes an important consideration when looking at regional alloying 
practices in Chapter 5, and is discussed further there.
In the light of the difficulties of predicting the chemical properties of an 
unknown parent population from an inevitably biased sample of those objects 
which have been excavated and chemically analysed, we might be tempted to give 
up, although all archaeological research in one way or another has to learn to deal 
with such challenges. In fact, one of the characteristic features of archaeology is 
that it has to come to terms with data that are far from ideal in the statistical sense. 
It generally does this by recognizing the limitations of the data (often, however, 
implicitly) and devising ways of overcoming them. Mathematically speaking, 
a good start is often provided by switching from parametric to non-parametric 
statistics—i.e., away from using means and standard deviations to characterize 
the data, and using medians, interquartile ranges and order statistics instead. 
The methods we describe here are essentially non-parametric and do not rely on 
using descriptions based on means and standard deviations, with the concomitant 
assumptions of normality. They are therefore inherently better suited to dealing 
with the sort of data that we routinely encounter. They are also reasonably robust 
with respect to errors in the actual measurements, as described in the next chapter. 
In short, we argue that the approach described here is not only conceptually more 
useful when considering the role of metal within human society, but, given the 
nature of the data, is also mathematically more appropriate.
 
Figure 4: 
Relationship between the sample (assemblage of analysed objects) and the parent 
population (the stock of metal) if the sample is unbiased.
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Figure 5: 
Relationship between a more complex parent population (stock of metal) and the 
assemblage.

 
Chapter 3
Legacy Datasets and 
Chemical Data Quality
As explained in the previous chapter, the ‘Oxford system’ focusses not on the 
analyses of individual objects, but on the properties of specific assemblages, 
the definition of which depends on the nature of the question being asked. It is 
inherent in the methodology that the larger the dataset the more reliable will be the 
inferences derived from it, subject of course to the requirement that the assemblage 
(sample) is representative of the objects required to address the question under 
consideration (population). It is this quest for the largest possible dataset that has 
drawn us into considering the potential for the use of legacy datasets—chemical 
data compiled from published sources, some of which may be old, and perhaps 
using now obsolete methods of analysis. The obvious alternative would be to 
restrict the analysis to only high quality modern data (although few datasets would 
actually fully meet the highest possible standards of ‘analytical hygiene’, as set 
out below). However, this would probably reduce the volume of data available for 
Bronze Age Eurasia from more than 100,000 analyses to fewer than 10,000, and 
would also mean that vast areas of the continent would have no representative 
data at all. It would of course be ideal to initiate a new programme of chemical 
and isotopic analysis of Bronze Age metalwork to the highest possible modern 
standards, but the cost, time required, and difficulties associated with obtaining 
sampling permission means that this is unlikely to happen in the near future, if 
ever. We are therefore presented with a dilemma—either find a way of using a 
heterogeneous compilation of legacy data which gives the largest possible dataset, 
or only use high quality data but with fewer numbers and smaller geographical 
coverage. For a project which attempts to cover all of Eurasia, we have chosen 
the former, but we can easily see that more specific projects might beneficially be 
able to use the latter.
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Evaluating ‘legacy data’
The use of legacy chemical data compiled from published sources gives rise to the 
obvious question of consistency between datasets. Table 1 lists the most common 
methods of chemical analysis used on archaeological copper alloy objects, and 
highlights some of their strengths and weaknesses. For a more complete discussion 
of the various methods of analysis see Pollard et al. (2007; 2017). Apart from the 
fact that not all analysts have reported data on what would now be regarded as 
the minimum set of elements (for copper alloys, the measurement of Cu, Pb, Sn, 
Zn, Fe, As, Sb, Ag and Ni), it is also well-known that some analytical methods 
have systematic problems with certain elements. Moreover, virtually none of the 
published literature contains sufficient information on the primary or secondary 
standards used, nor the estimated levels of detection, precision, or accuracy. How, 
then, can such datasets be combined?
One of the first problems to be overcome is to ensure that the data we are using 
contain valid estimates for all of the elements we think are reported. In the oldest 
literature, where measurements were done by gravimetric analysis, if an element was 
not measured it was often just left out of the results list. Hence, many of the earliest 
analyses of archaeological bronzes (from 1777 – c. 1830) simply report copper 
and tin, or sometimes only tin, with copper calculated by difference from 100% 
(Pollard 2016). Later in the history of gravimetric analysis, it became common to 
measure more than five elements (often Cu, Sn, Pb, Zn and Fe, perhaps with Ni and 
some other trace elements), although many were recorded as ‘tr.’ or ‘-’. There is no 
uniformly accepted convention for using such codes to differentiate between all the 
possible variations of ‘not looked for’, ‘not determined’, ‘not detected’, ‘trace’, or 
just ‘absent’ (i.e., below the level of detection of the instrument). Consequently, it 
is not always easy to interpret the meaning of symbols such as ‘-’ in some datasets. 
Does it mean ‘absent’ or ‘not detected’ (i.e., below an invariably unspecified level 
of detection), or ‘not looked for/not determined’ (i.e., no attempt has been made to 
measure it)? If it is the former, then we might be able to make an educated guess 
about the likely limit of detection for a particular element by that particular analyst. 
For example, if we have sufficient data from that analyst, then we might look for 
the lowest recorded value of a particular element, and take that to be the limit of 
detection. We can then record the element reported as ‘-’ as being below that value. 
If it was not looked for, then we have to mark it as ‘unknown’, unless we can be 
reasonably certain that all the other significant elements have been measured, and 
that the data have not been normalised, in which case we might use the difference 
between the analytical total (the sum of all the elements measured) and 100% as 
an estimate for that element. This is, at best, a very uncertain process, because 
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all the measurement errors for each element will be accumulated into any such 
estimate by difference, meaning that the uncertainty could be much larger than the 
estimate. Moreover, it assumes that the only non-measured element is the one of 
interest. We would certainly not recommend using such a procedure for any trace 
elements, and only in extremis for the major alloying elements. Most commonly 
this approach is used where copper itself has not been directly measured, and 
is estimated by difference (as in the SAM data). It is probably better to use this 
estimate by difference for copper and retain the dataset rather than to discard the 
analyses completely, but it should always be recorded that the copper was not 
directly measured, and is likely to be less accurate than if it had been.
Method Comments Strengths Weakness
Gravimetry 
(Wet 
Chemistry)
Precipitation and 
weighing of specific 
elements from 
solution
Large sample so 
gives bulk analysis
Early work (pre-1900?) 
is generally unreliable for 
trace elements. Elements not 
specifically looked for are missed.
Optical 
emission 
spectrometry 
(OES)
Spark or arc emission 
and photographic 
recording in the early 
years (1920–?1960)
Records emission 
lines of all elements 
present
Reproducibility of photographic 
plate is poor. Emission lines of 
major elements saturate at high 
concentrations and become non-
linear if not done by separate 
exposure
Atomic 
absorption 
spectroscopy 
(AAS)
Solution input, 
analysis done 
sequentially element 
by element
Good sensitivity for 
many elements
Time consuming. Elements not 
looked for are unrecorded
Electron 
microprobe 
(EM, 
microprobe, 
EPMA)
Solid sample 
mounted in 
microscope. 
Wavelength 
dispersive detection 
of X-rays
Spatially resolved 
analyses. Better 
sensitivity then 
SEM
Surface sensitive. Spectral 
overlap between certain elements. 
Tendency for elements not looked 
for to be missed.
Scanning 
electron 
microscopy 
(SEM)
Solid sample 
mounted in 
microscope. Energy 
dispersive detection 
of X-rays
Spectrum records 
all elements present 
simulataneously. 
Spatially resolved 
analyses.
Surface sensitive. Significant 
spectral overlap between certain 
elements. Poorer sensitivity than 
EM.
Wavelength-
dispersive 
X-ray 
fluorescence 
(WD-XRF)
Solid sample or 
pressed pellet. 
Wavelength 
dispersive detection 
of X-rays
Better sensitivity 
then ED-XRF
Surface sensitive. Spectral 
overlap between certain elements. 
Tendency for elements not looked 
for to be missed.
Energy-
dispersive 
X-ray 
fluorescence 
(ED-XRF)
Original object, solid 
sample or pressed 
pellet. Energy 
dispersive detection 
of X-rays.
Records all 
elements 
simulataneously. 
Rapid. Can be ‘non- 
destructive’
Surface sensitive. Significant 
spectral overlap. Poorer sensitivity 
then WD-XRF. Quality depends 
on degree of surface preparation 
on whole objects.
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Portable 
X-ray 
fluorescence 
(pXRF)
Orignal object. 
Energy dispersive 
detection of X-rays. 
Portable. Rapid. Surface sensitive. Significant 
spectral overlap. Poorer sensitivity 
then WD-XRF. Quality depends 
on degree of surface preparation 
on whole objects. See discussion 
in text.
Neutron 
activation 
analysis 
(NAA)
Needs nuclear reactor 
to activate samples. 
Gamma ray detector.
Extremely sensitive Incapable of measuring certain 
elements esp. lead. Leaves 
samples radioactive for many 
years.
Inductively-
coupled 
plasma 
emission 
spectroscopy 
(ICP-OES)
Solution input, 
emission line 
detection via CCD
Highly sensitive Although emission spectrum 
contains lines for all elements 
present, recording usually only for 
specified elements. Emission lines 
overlap for certain elements
Inductively-
coupled 
plasma mass 
spectroscopy 
(ICP-MS)
Solution input, 
mass spectrometric 
detection using 
either quadrupole or 
multiple ms
Extremely sensitive, 
especially with 
multiple mass 
spectrometers. 
Capable of isotopic 
ratio analysis.
Isobaric peak overlap. Quadrupole 
records all elements present, 
mulitple ms usually only specified 
isotopes.
Laser 
Ablation-
Inductively-
coupled 
plasma mass 
spectroscopy 
(LA-ICP-
MS)
Solid sample 
ablated by laser, 
mass spectrometric 
detection using 
either quadrupole or 
multiple ms
Extremely sensitive, 
especially with 
multiple mass 
spectrometers. 
Capable of isotopic 
ratio analysis. 
Spatially resolved 
analyses possible.
Isobaric peak overlap. Quadrupole 
records all elements present, 
mulitple ms usually only specified 
isotopes. Fractionation during 
ablation process. Difficulties of 
calibration.
Proton-
induced 
X-ray 
emission 
(PIXE)
XRF using proton 
stimulation rather 
than X-rays
Sensitive with good 
spatial resolution
Requires proton accelerator. 
Spectral overlap between certain 
elements.
Table 1: 
Summary of the strengths and weaknesses of various analytical methodologies commonly 
used on archaeological metals.
Similar considerations apply to the interpretation of entries such as ‘tr’ (‘trace’), or 
semi-quantitative results such as ‘+’, ‘++’, ‘+++’, etc. The process of interpretation 
of such hieroglyphs requires considerable knowledge of the historical and 
analytical context of the data, such as what instrument was used, and to some 
extent what standards might have been available. It is sometimes possible to 
reconstruct what ‘tr’ might mean in a particular context by following the procedure 
described above, i.e., finding the lowest recorded value for a particular element in 
that context, and assigning ‘tr’ to that value, or just below it. The extensive use 
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of semi-quantitative data (such as +, ++, +++, etc.), as was done by Pittioni’s 
group in Vienna (see Chapter 1), is considerably more problematic. Apart from 
Pittioni’s work, where it was used for all data, it is mainly a feature of older work 
such as that produced before the 1970s by optical emission spectroscopy using 
photographic plate recording. Here the instrument settings were usually optimised 
for trace elements, since in the early days of optical emission it was seen as a way 
of providing better trace element data than could be obtained by conventional 
gravimetric analysis. Unless separate readings with different settings were taken 
for major and trace elements, as was done by Chernykh, the major elements tended 
to ‘burn out’ (saturate) the plate, resulting in nonlinearity in the recorded intensity. 
This is the reason why some early instrumental measurements of tin concentrations 
tend to saturate at around 12–15%, and the result is simply recorded as ‘>12%’. 
Some attempts, such as those by Ottaway (1982) described below, have been made 
to convert these semi-quantitative symbolic recording systems into a quantitative 
scale, but they cannot be regarded as accurate or satisfactory. 
One further decision that often has to be taken when considering legacy data 
is how to use data such as ‘Sb<0.05%’ (and, more rarely, ‘Sn>15%’, as discussed 
above) in any quantitative analyses. Most database software will not handle any 
non-numeric characters during calculations, so they either have to be omitted (and 
usually the entire analysis removed, to stop the calculation crashing), or replaced 
with a finite quantity. A convention that is commonly used with such data is to 
systematically replace any minimum estimates (denoted by ‘<’) with half the 
given value. Thus ‘<0.05’ would be replaced by ‘0.025’. Although clearly not 
at all accurate, this procedure does at least allow the essence of the data to be 
retained. Values recorded as ‘minimum maximum estimates’ (e.g., Sn ‘>15%’) are 
more difficult to replace, since the realistic upper bound is generally not known 
(in principle of course it is 100% minus the sum of the quantified elements, but 
in practice it is difficult to estimate if the data have already been normalised, or 
the copper already estimated by difference). Often the only recourse is to take an 
average of the value for that element in similar objects where a definitive value has 
been recorded and use that, but this is clearly only satisfactory in that it allows the 
data to be retained in the calculation, and is highly unlikely to be accurate.
As described in the following two chapters, our methodology for both trace 
elements and alloying elements has, as its initial stage, a presence/absence 
classification. This is discussed in detail later, but normally we would use 0.1% as 
the cut-off value for trace elements (As, Sb, Ag and Ni), and 1% for the alloying 
elements (tin, lead and zinc: see Chapter 4 for a discussion about arsenic being 
considered as a deliberate alloying element). Of relevance to the above discussion, 
we note that this simple preliminary binary characterization stage reduces some 
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of the uncertainty introduced by the approximations which have to be made 
when attempting to interpret the undefined lower values in the data. Thus, if we 
estimate the lower limit of detection of nickel in a particular analysis to be 0.06% 
(by looking for the lowest reported definite value), then anything labelled ‘tr’ in 
that analysis is recorded as <0.06%. If we then remove the non-numeric symbol 
and replace this value by 0.03% to allow calculations to be carried out, then it 
is clear that allocating this sample to the category ‘Ni = absent’ on the basis of 
a 0.1% cut-off is likely to be correct, despite the uncertainties introduced by the 
successive approximations. Likewise, any tin value recorded as ‘>15%’ can still 
safely be allocated to the alloy type ‘Sn>1%’, irrespective of how we estimate 
the true tin value. Subsequent stages of the analysis of copper groups or alloying 
types are certainly susceptible to bias if there are a large number of such estimated 
values in the assemblage. Nevertheless, they are likely to be less affected by these 
issues than more traditional numerical techniques (such as principal components 
analysis, or cluster analysis), because we use techniques which are relatively 
insensitive to individual values, such as ubiquity analysis, where we calculate 
the percentage of the assemblage which is of a particular copper group or alloy 
type. When doing profile analysis, we use histograms and cumulative frequency 
distribution functions (or create kernel density estimates of the distribution), 
which are also relatively insensitive to specific individual values, when compared 
to the traditional approaches used in clustering.
As discussed in more detail in Chapter 7, our practice is to record the data 
exactly as it is published in the base layer of the database, and not to allow 
any modifications to this layer. We then generate a second layer to be used in 
calculations, where any obvious errors are corrected in the data (typos, switches 
of columns, etc.), and also where any changes to remove non-numeric characters 
can be made, according to a specified protocol such as that outlined above. 
Essentially, the interpretative procedures we are using are, initially at least, non-
parametric approaches rather than the more usual parametric methods (which 
include clustering algorithms), which are always going to be more tolerant of 
imperfect data. Thus our methodology is more robust, which allows us to use 
more of the legacy data than would otherwise be the case. Clearly the problems are 
not completely eliminated, however, and care must be taken when the values for 
the trace elements or alloys fall close to our cut-off values (a calculated minimum 
value of 0.1% or greater for a trace element would clearly create difficulties in 
the allocation to a copper group). Methods for dealing with such situations are 
discussed in the next chapter.
An early misinterpretation of our methodological approach was that, by using 
the methods described in the next two Chapters, we are advocating a return to 
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the system of semi-quantitative analyses, as carried out particularly by Pittioni 
and his colleagues in Europe in the 1950s and 1960s. Their system was chosen 
partly because they felt that absolute values were unnecessary, relying instead on 
patterns of ratios, and necessitated by the fact that in the earliest days of emission 
spectrometry it was difficult to quantify the intensity of the emission lines, so they 
reported all of their data on all elements as one of six ranked symbols (-, ?, Sp, +, 
++ and +++). We have never advocated a return to such a system. As is made clear 
in the following chapters, our methodology starts with a preliminary presence/
absence classification of the trace elements in order to determine the major 
patterning in the assemblages, but continues with the use of elemental profiles, 
which require a fully quantitative analysis. Likewise, for alloying elements, we 
start with a presence/absence classification, but again follow this up with the use 
of elemental profiles. Thus our system is predicated on the availability of fully 
quantitative data. The fact that all of Pittioni and his colleagues’ data is presented 
only in a semi-quantitative way is extremely unfortunate from our point of view, 
because they measured a wide range of elements on around 6000 objects, but their 
method of reporting makes it impossible to integrate these data with any other 
data, and they can therefore only be of the most generic value.
The difficulties associated with using data from several sources, especially if 
some of them are generated by obsolete analytical procedures, cannot of course be 
underestimated or ignored. As discussed above, however, we argue that the benefit 
of using as much data as possible counterbalances to some degree the loss of data 
quality. The most likely exception to this is likely to be a vulnerability to variations 
in limits of detection around our arbitrary cut-off values, but, as described in the 
following chapter, systematically varying the cut-off around the value of 0.1% 
allows us to check that the results are not unstable with respect to the choice of 
cut-off. Additionally, by retaining as much data as possible, we can ensure that our 
interpretations are based on assemblages created from a large number of analyses. 
Thus we might expect that errors created by conflating data from several sources 
might partially cancel out—if, for example, one method tends to underestimate a 
particular trace element, whereas others correctly estimate or even overestimate it, 
then given enough data from as many different analytical sources as possible, the 
overall picture should converge on an ‘average’ set of values. Of course, this is not 
an infallible defence against bias, since for some sites and periods the data may 
be from a single analyst and by a single method, but it is some protection against 
rogue data.
Further evidence for the validity of our approach is provided by the fact that it 
allows us to detect and isolate discrepant datasets, simply by checking for subsets 
which do not fit the general pattern (often by a particular analyst) within our large 
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dataset. Thus we were able to see that von Bibra’s data published in 1869 on 
Roman and Byzantine coinage was unreliable with respect to nickel—simply by 
comparing his data with the large volume of more recent data on the same types 
of coins. He reported the presence of nickel in most of the coinage, whereas other 
analysts found essentially none. Interestingly, after we had deleted von Bibra’s 
trace element data from the analysis, we discovered a comment by Caley in his 
book on Greek coinage which said that von Bibra’s gravimetric procedure was 
unreliable for the trace elements, especially nickel (Caley 1939, 154). In this case, 
because in gravimetric analysis each element is determined independently, and 
von Bibra did not normalize his analyses to 100%, we were able to retain his major 
element data in the analysis of Roman and Byzantine coinage, but removed all of 
his trace element data from our subsequent calculations.
To summarize, we believe that the difficulties involved in using old data are 
more than offset by the advantage of being able to use large datasets, providing 
an appropriate method of interpreting the data is used. This allows the inclusion 
of data from objects for which it would now be impossible to obtain better quality 
data, given the modern tendency in most museums to restrict analysis to ‘non-
destructive’ methods. The system described here has the advantage that it can 
be applied without re-sampling, and allows us to use the archaeometallurgical 
equivalent of a ‘Big Data’ approach—not on the scale that any data scientist 
would recognize as “Big Data”, but certainly on a scale hitherto unavailable to 
archaeological materials scientists.
‘Round robins’ for the analysis of archaeological bronzes
It is well-known in analytical chemistry that if the same object is analysed by 
different laboratories it is not necessarily guaranteed that they will provide 
identical results. This could be due to the use of different types of instruments, or 
differences in sampling and calibration procedures, or simply due to the experience 
of the analyst. The question of inter-laboratory consistency has been repeatedly 
investigated in the western archaeometallurgical literature. The first international 
evaluation of data quality between different laboratories analysing ancient bronzes 
was that reported by Chase (1974). Three samples (one Chinese Shang Gu vessel, 
one Luristan bronze spear point and one modern standard) were circulated amongst 
21 laboratories and analysed for as many as 48 elements. It is unfortunate that not 
all the participating laboratories reported the information required by Chase, so 
that the final publication merely reported on the quantification of copper. This 
revealed a clear systematic difference in the reported copper values, showing that 
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several laboratories tended to overestimate the percentage of copper, but without 
the full dataset it is not possible to evaluate the overall quality of the data.
Another important and fully documented inter-laboratory comparison on 
bronzes was that reported by Northover and Rychner (1998). The same set of 
seven archaeological objects (4 sickle blades, a winged axe, a knife and a bracelet) 
was analysed by 22 laboratories using 24 different analytical methods (1 wet 
chemistry, 3 OES, 4 ICP-OES, 1 direct current plasma spectrometry, 4 AAS, 4 
ED-XRF, 4 EMPA, 1 PIXE and 2 NAA). The circulated objects contained trace 
elements from 0.1% to 0.5%, which allowed the comparison of precision and 
accuracy when the results approach the detection limit of the various instruments. 
They carefully examined the performance of each instrument on a comprehensive 
list of elements and concluded that: 
“we have successfully demonstrated that modern analytical techniques are 
capable of producing accurate, reproducible data that can, with thorough 
standardization, be used interchangeably with other data and behave 
similarly in clustering and classification” (Northover and Rychner 1998: 31). 
The most recent set of comparisons are those reported in a series of papers published 
by Heginbotham et al. (2011; 2015; in press) and Heginbotham and Solé (2017). 
The aim of this series is different from the previous more general comparisons 
between different instrumental techniques, in that it is focussed specifically on 
improving and harmonising the use of X-ray fluorescence (XRF) on museum 
copper alloy samples with minimal sample preparation. Heginbotham et al. 
(2011) compared data produced by XRF from different laboratories using different 
calibration methods and standards as a baseline for further development. Fourteen 
museum institutions and a total of 19 different XRF systems were involved in 
this study. A set of 12 samples (four cuttings from standard reference materials, 
six pieces of historic metal and two small ingots prepared by the first author) 
was analysed in a round-robin process by all of the participating laboratories. 
Participants reported instrumental details, analytical protocols and parameters 
alongside the analytical results. The overall inter-laboratory reproducibility was 
found to be low, suggesting that data from the different laboratories could not be 
comfortably aggregated into a single comprehensive database. Most of the best-
performing laboratories used a fundamental parameters (FP) calibration procedure 
to convert the original X-ray counts into elemental percentages, plus calibration 
using standards with known chemical concentrations. Heginbotham et al. (2015) 
described the design and production of the CHARM (Cultural Heritage Alloy 
Reference Materials) reference standards. The ‘core’ set consists of 12 standards 
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with certified values for Cu, Zn, Sn, Pb, Fe, Ni, As, Ag and Sb, plus S, Cr, Co, 
Se, Cd, Au, Bi. Two ‘extension’ sets are also available, one for higher As (up 
to 3.66%, with two standards) and one for cupro-nickels (up to 30% Ni, with 
three standards). Heginbotham and Solé (2017) then propose a comprehensive 
protocol for energy dispersive XRF (ED-XRF) quantification of museum copper 
alloy objects using free open-source fundamental parameters software for spectral 
analysis (PyMca) combined with the CHARM reference set.
Data inter-comparisons
As well as these ‘round robins’, where several laboratories are invited to 
analyse the same materials, a number of targeted data inter-comparisons have 
been carried out, with the specific objective of assessing whether data produced 
by one method can be directly compared with those produced by another. For 
example, Hughes (1979) reanalysed using AAS some Middle and Late Bronze 
Age objects previously measured by OES, reported in Brown and Blin-Stoyle 
(1959), and found comparability for the elements Sb, Ag, Ni, Bi, Fe, As. However, 
the disagreement in the concentration of lead by these two techniques was shown 
to be large. Hughes concluded that OES is likely to underestimate lead levels 
in heavily leaded bronzes, possibly due to the self-absorption of lead emission 
lines in the vaporized sample. Normally this would be expected to be revealed 
by an abnormally low analytical total in the OES data, but if the data for a single 
sample are normalized to 100%, it will be obscured and give rise not only to a 
low lead concentration, but also to an over-estimation of other elements. In fact, 
in the data presented by Hughes (1979, table 1), the samples with low lead by 
OES compared to the AAS results do not have low analytical totals, but nor do 
they seem to have been normalized. This suggests that the discrepancy could be 
more due to inhomogeneity in the objects with higher lead levels rather than a 
systematic difference between OES and AAS (see below).
In a major project on the prehistoric use of copper in Bulgaria, Pernicka et al. 
(1997) took the opportunity to compare OES analyses conducted by Chernykh 
(1978) in Moscow with neutron activation analysis (NAA) data produced in 
Heidelberg on the same objects. Figure 1 shows a comparison of the two sets 
of results, redrawn from the original publication by Pernicka et al. (1997, 89). 
The majority of NAA results agreed with the prior OES analyses within a factor 
of three, indicated by the shaded band. However, drawing the conservatively 
estimated minimum detectable level (MDL) lines for NAA (ca. 10 ppm) and OES 
(ca. 500 ppm) on each diagram excludes a large number of points showing poor 
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agreement, which reinforces the observation of general agreement made by the 
original authors. Because NAA is insensitive to lead, the Heidelberg lead analyses 
were conducted using isotope dilution mass spectrometry. As seen by Hughes 
(1979), there was a larger disagreement in lead concentration results between the 
earlier and later analyses. Although the overall impression from this comparison is 
good, we should note that agreement to within a factor of three is not a very high 
level of consistency.
 
Figure 1: 
Comparison of chemical composition from the same Bulgarian artefacts analyzed by OES 
(Chernykh 1978, Moscow: y axis) and NAA (Pernicka et al. 1997, Germany: x axis)1. The 
shaded band indicates the respective concentrations in agreement within a factor of three. 
Redrawn from Pernicka et al. (1997, fig. 15). Dashed lines are added to indicate the likely MDL 
for each element by each method (OES from Pollard et al. 2018, Table 1; NAA from Hancock 
et al. 1991).
1  Lead was measured with isotope dilution mass spectrometry by the German team. 
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Perhaps the most significant comparison to be carried out, at least as far as 
European archaeology is concerned, is that of Pernicka and his group at the Max 
Planck Institute in Heidelberg between 1986 and 1997. Under the title “Stuttgarter 
Metallanalysen-Project” (SMAP) they inherited the data and samples from the 
SAM project (see Chapter 2). Because they wished to add new data to the SAM 
database, and also to re-investigate the old data, a key issue was evaluating the 
intercomparability of old and new data. A comparison of the SAM data (by 
OES) with new analyses in Heidelberg by NAA (for Ni, Ag, As, Sb and Sn) and 
atomic absorption spectroscopy (AAS) for lead and Bi yielded good correlations 
(Pernicka 1986, fig. 2, p. 27: Figure 2). Some anomalies were noted, such as 
erroneously high values for antimony by OES due to spectral interference from Fe, 
and a comparison of electron microprobe (EMPA) data on a smaller set of samples 
showed poor agreement with NAA data for Sn, Ag and Au (Pernicka 1986, 28). 
However, as summarised by Krause (2003, 18–22), the analyses undertaken using 
optical emission spectroscopy (OES) in the SAM projects are broadly comparable 
with modern data in terms of precision and detection limits.
Another important comparative project was carried out by Cuénod (2013, 139-147) 
on data from the Bronze-Iron Age transition in Iran. She collated a large number 
of samples from specific sites which had been analysed by different techniques (56 
from Tepe Hissar (OES and PIXE), 151 from Mesopotamia (XRF and AAS plus 
NAA), 17 from Selme (AAS and ICP-OES) and 70 from Susa (UV-OES and spark-
source mass spectrometry)). Through straightforward plotting of the analyses of 
individual elements from specific sites by these various techniques, she suggested 
that in spite of undeniable differences, a ‘general agreement’ could be observed 
(Cuénod 2013, 146). Some of her comparisons for particular elements are shown 
in Figure 3, showing poor agreement for lead (Fig. 3d). Her conclusion from these 
comparisons was used to justify the use of the approach described in this volume: 
although there was ‘general agreement’, the differences were such that it:
“dissuaded us from using automated methods of analysis, such as clustering 
and principal components analysis, as they are likely to pick up technique-
related trends rather than archaeological ones” (Cuénod 2013, 146). 
This is a clear statement of one of key drivers for developing an interpretative 
methodology which can tolerate differences between analytical methods.
Apart from these major projects, a variety of smaller scale comparative studies 
have been conducted by many individual laboratories (e.g., Gilmore and Ottaway 
1980, Ottaway 1982, Carter et al. 1983, Lutz and Pernicka 1996, Northover 1999, 
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Figure 2: 
Comparison of SAM (OES) and Heidelberg (NAA or AAS) data on the same objects (redrawn 
from Pernicka 1986, fig. 2, p. 27).
Cooper et al. 2008, Willett and Sayre 2000, Young et al. 2010). However, it is 
still necessary to bear in mind that any round-robin experiment or analytical inter-
comparison is merely a snapshot of the data quality of these laboratories at the 
time of analysis, rather than a routine monitor of data quality. This difference is 
discussed further below.
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a)
b)
c)
d)
Figure 3: 
Comparisons of particular 
elements from specific sites 
in Iran and Mesopotamia 
using different analytical 
techniques (Cuénod 2013, 
139–147). a) tin in samples 
from Mesopotamia, XRF vs. 
NAA; b) antimony in samples 
from Mesopotamia, XRF vs. 
NAA; c) arsenic in samples 
from Tepe Hissar, Iran, OES 
vs. PIXE; d) lead in samples 
from Susa, Iran, UV emission 
spectrography vs. mass 
spectrometry.
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Portable XRF (pXRF) data on archaeological bronzes
Many companies now manufacture lightweight hand-held X-ray fluorescence 
machines with ‘point and shoot’ capabilities (Shugar and Mass 2013), which were 
initially developed to be used by non-specialist analysts for specific industrial uses. 
The ‘rise and rise’ of the applications of such instruments in archaeology has caused 
much discussion and controversy (Shackley 2011, 1–6). Portable XRF machines 
have many advantages, the most obvious being that they allow the analyst to go to 
the object rather than vice-versa, and they can produce completely non-destructive 
instant analyses. These attributes make pXRF particularly attractive for curators of 
museums and collections, which a recent survey of the literature has shown to be 
the most common locus of application (Frahm and Doonan 2013). 
Certain areas of research, such as obsidian studies, have enthusiastically 
adopted pXRF to great effect—a review published in 2013 by Speakman and 
Shackley listed 78 papers using pXRF on obsidian. Metals in principle are good for 
analysis by pXRF, since most of the elements of interest are in the mid- to heavy 
part of the periodic table, and therefore the characteristic X-rays are not unduly 
absorbed by passing through an air path. The critical issue for pXRF analysis of 
archaeological metals is whether the surface is cleaned or not before analysis. In 
principle, there is no disadvantage to using pXRF on prepared metal surfaces, 
although it should not be expected to be as sensitive as similar data collected by 
larger XRF machines or SEM because of the lower intensity of the primary beam, 
the larger irradiated area, and the absorption of both the primary and secondary 
beams by air. However, several studies, including our own, have shown that pXRF 
on unprepared metal surfaces can give grossly misleading results—especially if 
the surfaces are visibly corroded. 
Hsu (2016) analysed by pXRF 193 metal objects from the Bronze and early 
Iron Age of the eastern Eurasian steppe in the British Museum, of which 75 had 
previously been analysed by OES in the late 1950s (Pollard et al. 2018). Due 
to conservation considerations, in the pXRF work only surface analysis was 
permitted, without the removal of any corrosion, although flat surfaces revealing 
apparently clean metal were selected for analysis whenever possible. Comparison 
of the pXRF and OES data for the major elements on the same objects showed 
that copper was systematically underestimated in the pXRF data, whereas both 
the tin and the lead were overestimated. Arsenic and silver showed severe surface 
enrichment as measured by pXRF.
Although it is critically dependant on the instrument used, the calibration 
methodology and the degree to which the surface can be cleaned, this study 
showed severe problems with pXRF data on uncleaned metal surfaces, both for 
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the alloying elements (in this case copper, lead and tin), and especially for arsenic 
and silver. Initially we had hoped that using our more robust interpretational 
methodology for producing copper groups and alloy types (as described in the 
following chapters), we might still be able to use such data, and incorporate it 
within the FLAME database. However, comparison of the trace element and alloy 
classifications produced using the OES and pXRF on the same set of objects 
showed that this was not the case. In terms of the Copper Groups (Chapter 4), 44 
of the 62 samples are classified differently depending on the analytical method 
used, whereas for alloy types (Chapter 5), 9 of the 62 are classified differently. 
This clearly shows that pXRF trace element data collected using the conditions 
described above are not useable for determining Copper Groups on objects, but 
major elements may be useable in extremis for allocation to alloy types, although 
subject to considerable uncertainty.
When carefully used, with appropriate standards and calibration, on materials 
which have, or can be prepared to give, clean representative surfaces, then there is 
no reason why such instruments cannot give useable results, comparable with other 
forms of analysis. The onus is on the analyst or the user of the data to demonstrate 
that the data are reliable, preferably by including the analyses of standard reference 
materials within the data (although even this does not guarantee the quality of the 
data if the samples are not adequately prepared). We have included pXRF data 
in our database when we have encountered it, but it is clearly marked as such. 
We would not normally include it in our interpretative procedures unless there 
was conclusive evidence that it was obtained from clean flat metal surfaces, or 
that suitable sampling protocols had been used, and the appropriate calibration 
procedures had been applied. 
Specific Data Quality Issues relevant to Archaeological  
Copper Alloys
There are some specific data quality issues in the analysis of archaeological 
copper alloy objects that need discussing before we describe the interpretative 
methodologies in detail in the subsequent chapters. 
Difficulties of measuring high levels of lead in archaeological copper alloy 
objects
High levels of lead (>10%) are very difficult to measure accurately in copper alloy 
objects, for a number of reasons. One is the inherent inhomogeneity of copper 
alloys containing lead, arising from the insolubility of lead in copper when present 
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at concentrations of more than 1%. The degree of segregation depends on the 
cooling rate (Staniaszek and Northover 1983), but the result is phase separation 
into lead-rich and copper rich phases as the alloy cools. The solubilities of lead in 
the copper phase and copper in lead phase are poorly known, but likely to be very 
low (Teppo et al. 1991). This separation causes the lead-rich phase to concentrate 
in the last parts of the casting to freeze, since it has the lower melting point. 
Hughes et al. (1982) showed this rather dramatically by sectioning a Bronze Age 
sword from Selbourne, UK. Using an electron microprobe, they obtained values 
for Pb as low as 0.26% at the cutting edge, but as high as 12–17% in the centre of 
the blade, with occasional values up to 50% when the electron beam hit a lead-rich 
globule. Such extreme examples of segregation might be rare, but could be one 
explanation for the significant discrepancies between the estimation of lead using 
different instrumental methods, as noted above, if they produce information from 
different depths within the object. This also implies that any surface method of 
analysis, such as X-ray fluorescence, may severely underestimate the lead content 
of a heavily leaded object. Another complication in the analysis of lead in copper 
is the fact that the lead-rich phases are much softer then the copper, and are easily 
pulled out or smeared when polishing a cut section, which also causes the lead to 
be underestimated in the sample when analysed by electron microscopy or XRF.
Potentially, the phenomenon of segregation calls into question the meaning of 
any measurement of lead in a leaded object, unless the entire object is dissolved 
and the lead weighed. It is worth noting that gravimetric analysis nearly did just 
this, historically using a sample which was probably large enough (~1 g or more) 
to provide a representative sample. This is why eminent archaeometallurgists of 
the 1960s such as Earle Caley (1964a) much preferred gravimetric analysis for the 
major elements to the spectroscopic methods of the time.
Measuring arsenic in the presence of lead by ED-XRF or SEM
In techniques based on energy-dispersive X-ray fluorescence, primarily XRF and 
SEM, there is a considerable difficulty in measuring arsenic in the presence of lead 
because of spectral overlap (Figure 4). Lead has three major L emission lines—
the Lα at 10.5 keV, the Lβ at 12.6 keV and the Lγ at 14.8 keV, with theoretical 
relative intensities of 100, 70 and 10 respectively. The arsenic lines most frequently 
measured are the Kα at 10.5 keV and the Kβ at 11.7 keV, with theoretical relative 
intensities of approximately 100:10. Clearly, because of the resolution of most 
energy-dispersive detectors, the Pb Lα and the As Kα lines are irresolvable, and 
therefore the emission line measured at 10.5 keV will record both lead and arsenic, 
if present. This is a severe problem in leaded bronzes, which often have several 
percent or more of lead, but only a trace of As (<0.1%). There are several possible 
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solutions, but all will result in poorer precision and accuracy for arsenic than for 
any of the other elements. One possibility is peak deconvolution by Gaussian peak 
fitting using specialised software (unlikely to be particularly reliable). An even 
less robust procedure is to estimate the contribution of lead to the combined (Pb 
+ As) peak at 10.5 keV by measuring the Pb Lβ peak (12.6 keV) and calculating 
the Pb Lα as 100/70 of the Pb Lβ peak. This can then be subtracted from the 
combined (Pb + As) peak to give the arsenic intensity. It is to be expected that 
the error estimate associated with the arsenic concentration derived in this way 
is likely to be extremely large, and in most cases will exceed the magnitude of 
the estimated arsenic concentration itself if arsenic is present at trace levels. A 
better alternative is to simply quantify lead from the Pb Lβ peak, and then to use 
the As Kβ to quantify arsenic if lead is present, or to use the As Kα if lead is 
demonstrably not present. Quantifying lead from the Lβ peak is no worse than 
doing so from the Lα since the two have intensities of the same order of magnitude 
(providing no other interferences are present). If there is no lead present (or only an 
insignificant quantity compared to the arsenic), then the arsenic can be quantified 
from the combined (Pb + As) peak at 10.5 keV, which gives the most precise 
estimate of arsenic. If lead is present, then it is probably better to quantify it on the 
interference-free As Kβ line, although there is a significant reduction in precision 
and sensitivity. In a large analytical study of Medieval brass scientific instruments 
Figure 4: 
Overlap between lead and arsenic emission lines in the X-ray spectrum from either XRF or 
SEM.
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using XRF (Pollard et al. 2017, 264), the minimum detectable level of arsenic in 
the presence of lead, measured using the last method described, was calculated to 
be 0.18%, which has significant implications for the copper group methodology 
described in the following chapter. Approaches for dealing with the relative lack of 
sensitivity for arsenic in the presence of lead are discussed in Chapter 4.
How good is ‘general agreement’?
The majority of the inter-laboratory comparisons and round-robins carried out to 
date have concluded that most analytical techniques produce data which show 
‘general agreement’ between methods, with the most common exceptions being 
either data produced by portable XRF on relatively unprepared metal surfaces, 
or analysis of lead in heavily leaded bronzes. However, we need to be realistic 
about what ‘general agreement’ means. Pernicka et al. (1997, fig. 15) compared 
data on the same objects carried out by OES in Moscow and NAA in Heidelberg, 
and superimposed upon the figures a band corresponding to ‘agreement within 
a factor of three’, implying that this reflected ‘general agreement’. This is only 
notable because it is one of the few cases where authors have attempted to quantify 
what they feel is acceptable from such a comparison. Mostly, a correlation line is 
drawn, and as long as it is a positive correlation, it is classified as showing ‘general 
agreement’. What agreement should we expect? It is well known that some if not 
all archaeological copper alloy objects are chemically inhomogeneous, and that 
actually this inhomogeneity might limit the analytical reproducibility, even in the 
most precise of measurements. In some extreme cases, such as the measurement 
of lead in highly segregated castings (e.g., Hughes et al. 1982), we should be 
grateful if we can replicate the lead to better than an order of magnitude! There is 
obviously a balance to be struck between highly precise measurements made on 
extremely small areas (e.g., laser ablation ICP-MS) on the one hand, and much 
less precise measurements on larger homogenized samples, as was the case in 
OES or gravimetric analysis. We might have to contemplate the idea that these 
older analyses are actually more representative of the bulk composition than some 
of the highly precise modern analyses. Realistically, it is likely that Pernicka et 
al.’s implied definition of ‘general agreement’ being within a factor of three is a 
good working criterion at least for the trace elements in copper alloys. One would 
like to think that for the major elements we should be able to do better, and in 
general we do, but the example of segregated lead counsels some caution in this 
matter. However, even if we adopt these assumptions about ‘general agreement’, 
the statement by Cuénod (2013, 146) quoted above is still critical. When using 
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parametric numerical methods to cluster or differentiate between clusters (or 
methods which standardize data by using the mean and standard deviation to 
create ‘standard scores’), we run the very strong risk that the dissimilarities will 
be dominated by systematic differences between analysts or analytical methods. 
In other words, the resulting classifications may reveal more about the analytical 
methods used rather than any inherent differences between samples. It is our 
assertion, as explained in the following chapters, that when dealing with complex 
data sets which might only show ‘general agreement’, it is better to avoid such 
methods.
‘Analytical hygiene’
The term ‘analytical hygiene’ is used here in the same sense that ‘chronometric 
hygiene’ (Spriggs 1989) has been applied to issues of quality assurance (QA) in 
radiocarbon dating for archaeology, where it is intended to specify best practice in 
the reporting of data, and to provide some guidance as to how to interpret published 
data. What is ideally required from the publications containing analytical data 
is the routine availability of quality assurance data (QA) from each laboratory 
involved in the chemical and isotopic analysis, either published with the data 
themselves, or available online. Many labs will keep such information as logs, 
but until recently most academic journals have had little capacity to publish such 
data, although online publishing of supplemental data now makes this feasible. 
In archaeology, the radiocarbon laboratory community have set the standard for 
this sort of protocol, with the publication of a series of regular inter-laboratory 
comparisons, and QA data for individual laboratories being available online or 
on request. Ideally, publications of analytical data of any sort should include 
sufficient data for the reader to gain an understanding of the quality of the data, in 
terms of recognized parameters such as accuracy, precision, detection limits, etc., 
as relevant to the type of analysis. In analytical chemistry this requires publication 
of a considerable amount of information on the standards used to calibrate and 
validate the samples, as well as the order in which samples were run, and the 
degree of replication, and so on. It is now increasingly common for journals to 
insist that all the raw data are published, and often quality assurance data can be 
included in online appendices. 
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Appendix: Idealised “analytical hygiene” for the analysis of 
archaeological non-ferrous metals
The appendix to this chapter suggests a highly idealized list of the information 
which would be of value when publishing analytical data on archaeological bronze 
objects. A full discussion of quality assurance (QA) issues is given in Pollard et 
al. (2007, 306–321), but a brief definition of the relevant terms is summarized 
here.
Precision is the degree of reproducibility between replicate measurements on the 
same sample. Within-run precision means the degree of reproducibility obtained 
on replicates during the same run of the instrument. Variation of precision between 
runs is usually greater, and is sometimes termed the repeatability of a measurement. 
Accuracy refers to the closeness of the experimental result to the ‘true’ value. 
Precision is, therefore, an internal measure of analytical quality, whereas accuracy 
relates to an absolute measure.
Precision can be evaluated from the repeated analysis of any material which 
is included in the analysis as an unknown, and which is sufficiently close in 
composition to the samples being analysed. Often, an in-house standard can be 
used to determine precision, since it is not necessary to know the composition 
of this standard, other than to know that it is reasonably close in composition to 
the unknown material. These can be cheap, homogeneous and readily available 
materials which can be repeatedly analysed without incurring excessive costs, as 
would be the case if international reference materials were used. Accuracy, on 
the other hand, can only be determined relative to the values of an internationally 
recognised standard reference material.
Most instrumental methods of analysis require the use of standards, either 
to calibrate the instrument, or to provide quality assurance data, or both. It is 
important to appreciate that the term ‘standard’ is used to describe a range of 
materials fulfilling very different purposes, as follows: 
Calibration standards
Almost all methods of chemical analysis require a series of calibration standards 
containing different amounts of the analyte in order to convert instrumental 
readings into absolute concentrations. These can be synthetic solutions (for 
liquid-based analyses), pure elements or compounds (for SEM, microprobe and 
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XRF), or primary multi-element standards with known concentrations of the 
relevant elements. They should be used purely for calibrating the instrument, and 
not used for QA purposes, unless they are specifically analysed as ‘unknowns’ 
independently of the calibration process.
Primary standards
These are internationally agreed Standard Reference Materials (SRMs), also called 
Certified Reference Materials (CRMs), which have been accurately and repeatedly 
analysed, often using different techniques, in different laboratories. The results are 
fully documented and certified, although not always for all required elements. Such 
standards are commercially available, but are often expensive (and, therefore, too 
costly to use repeatedly in each analytical run). If primary standards are included 
in the analytical runs as unknowns, they can be used to assess the accuracy of 
the analysis. In archaeology, it is often useful to use a particular sample or set of 
samples as primary standards, even if they are not certified, because it may be 
the only way of getting data on certain elements. Often such samples are only 
quantified by consensus between participating laboratories, and it should therefore 
be made clear that they are not certified.
Secondary standards
Because of the cost of certified primary standards, it is normal to use them sparingly, 
and it is common to use materials which can be included in each analysis which 
may not be fully certified, but whose values can be related to a primary standard. 
These are often referred to as in-house standards, although they may sometimes 
be shared between several laboratories. They can be analysed sufficiently often 
within the analytical run to enable the calculation of the precision of the analysis, 
but are less useful for accuracy.
Minimum detectable level (MDL)
Quoting the minimum detectable level, or detection limit, for each element analysed 
is one of the most important issues in the QA of analytical data. It can be defined in 
several ways, but the simplest is in terms of being the concentration of a particular 
element in a sample which produces an analytical signal equal to twice the square 
root of the background above the background. This definition corresponds to the 
95% confidence interval, which is adequate for most purposes. Higher levels, such 
as 99%, can be defined by using a multiplier of three rather than two if required. 
The MDL will vary from element to element, from machine to machine, and even 
from day to day, and should be calculated explicitly for every element each time 
an analysis is performed. It can be calculated most straightforwardly from the data 
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generated by the linear regression used to calibrate the machine for each element 
(see Pollard et al. 2007, 319).
Idealized QA data
The following is intended to describe the IDEAL set of data to be produced for the 
analysis of ancient metal. It is generalized to allow for a wide range of types of 
analysis, so not every point is relevant to all procedures.
Stages
 1. Sample Description
  a.  Full details of archaeological object (typology, size, weight, …), 
including photograph and/or drawing
  b.  Full details of archaeological context (location, type of context, …), 
including photograph and/or drawing
  c.  Chronological details, including how dated (from typology, context, or 
direct dating by radiocarbon)
  d.  Current location (accession number, details of any publications, drawings 
or photographs)
 2. Sampling Details (if a sample is taken)
  a.  Where sampled (on object), including drawing or photograph to show 
sample location
  b.  How sampled
  c.  Description of sample
  d. Location of sample (if any left) after analysis
 3. Sample Preparation
  a.  Solid sample – has it been pelletized, or mounted, prepared and polished?
  b. Has a metallographic record been made?
  c. Liquid sample – dissolution procedure, concentrations used
 4. Analytical Method
  a. Description of instrument
  b. Location of instrument
  c. Operating conditions
  d. Number of measurements taken per analysis
  e. Is the analysis ‘bulk’ or ‘surface’?
  f.  In heterogeneous samples, how many phases have been analysed?
  g. Levels of detection, precision, accuracy
  h.  Operator, date of analysis, description of running order of samples 
logged
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 5. Analytical Protocols
  a. Primary standards
  b. Secondary standards
  c. Calibration Procedure
  d. Normalization
 6. Description of Data
  a. Elements measured
  b. Isotopes measured
  c. Analytical total
 7. Publication of data to include all of the above!
Chapter 4
Trace Elements and 
‘Copper Groups’
This chapter describes how we manipulate the trace element data from an 
assemblage of copper alloy objects to produce ‘Copper Groups’, and how we then 
carry out mapping and profile analysis to interpret these data. We also discuss how 
in some cases the Copper Groups can be used to detect the recycling of metal, 
based on the thermodynamic properties of the different trace elements. As pointed 
out in Chapter 2, we focus on four trace elements, namely arsenic (As), antimony 
(Sb), nickel (Ni) and silver (Ag). The reasons for this choice are primarily practical. 
Firstly, most chemical analyses of copper alloys that include trace element data 
will report these four trace elements. This allows us to include the largest possible 
number of samples when calculating Copper Groups. Secondly, as demonstrated 
below, these four elements cover a range of thermodynamic behaviours in molten 
copper—under oxidising conditions, arsenic is volatile, antimony slightly less 
volatile, and silver and nickel stable. The choice of only four elements is also 
distinctly practical. All possible combinations of presence/absence for four 
elements (defined in Table 1) give 16 possible ‘Copper Groups’. If we were to use 
five elements, then there would be 32 possible Copper Groups, which would be 
cumbersome to display and interpret. We do not claim that the four elements used 
here are the only ones to carry useful information—plainly not. Where reported, 
for example, bismuth (Bi) or cobalt (Co) can be extremely useful in distinguishing 
between copper from different sources. However, the combination of the overall 
availability of data for the four selected elements, and the potential complexity 
of using five or more elements, has resulted in our standard starting point being 
the use of arsenic, antimony, silver and nickel. As emphasised in Chapter 2, our 
primary aim is to characterise change in the material record rather than specifically 
identify provenance, and this is usually possible using this combination of four 
trace elements without considering further elements. We can imagine that, for 
certain data sets, there might be an advantage to swapping, say, nickel for bismuth, 
providing the data will allow it, but this immediately loses the universality of 
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our approach, which we see as a distinct advantage when carrying out large-scale 
comparisons, as discussed below. We do, however, sometimes consider splitting 
Copper Groups defined on the basis of the four trace elements according to the 
presence or absence of a fifth element. We might think, for example, of a copper 
group defined as NYYY (CG13: Cu +Sb, Ag and Ni: see below) being split into 
further sub-groups defined by the presence or absence of a fifth element. This 
would again, however, lose the benefit of universality, and it is fair to point out that 
in the many case studies carried out to date we have not yet felt the need to use a 
fifth element to aid in this preliminary classification step.
CG As Sb Ag Ni Code (AsSbAgNi) Description Shorthand
1 <0.1% <0.1% <0.1% <0.1% NNNN Clean copper Clean
2 >0.1% <0.1% <0.1% <0.1% YNNN Cu + As CuAs
3 <0.1% >0.1% <0.1% <0.1% NYNN Cu + Sb CuSb
4 <0.1% <0.1% >0.1% <0.1% NNYN Cu + Ag CuAg
5 <0.1% <0.1% <0.1% >0.1% NNNY Cu + Ni CuNi
6 >0.1% >0.1% <0.1% <0.1% YYNN Cu + As, Sb CuAsSb
7 <0.1% >0.1% >0.1% <0.1% NYYN Cu + Sb, Ag CuSbAg
8 <0.1% <0.1% >0.1% >0.1% NNYY Cu + Ag, Ni CuAgNi
9 >0.1% <0.1% >0.1% <0.1% YNYN Cu + As, Ag CuAsAg
10 <0.1% >0.1% <0.1% >0.1% NYNY Cu + Sb, Ni CuSbNi
11 >0.1% <0.1% <0.1% >0.1% YNNY Cu + As, Ni CuAsNi
12 >0.1% >0.1% >0.1% <0.1% YYYN Cu + As, Sb, Ag CuAsSbAg
13 <0.1% >0.1% >0.1% >0.1% NYYY Cu + Sb, Ag, Ni CuSbAgNi
14 >0.1% >0.1% <0.1% >0.1% YYNY Cu + As, Sb, Ni CuAsSbNi
15 >0.1% <0.1% >0.1% >0.1% YNYY Cu + As, Ag, Ni CuAsAgNi
16 >0.1% >0.1% >0.1% >0.1% YYYY Cu + As, Sb, Ag, Ni CuAsSbAgNi
Table 1: 
The definition of Copper Groups.
We see a significant advantage in using, at least initially, the same set of elements 
(and the same cut-off values) for all analyses—that of universality. This means 
that the calculated Copper Groups from, for example, the Caucasus, can be 
directly compared with those from Mongolia. In a project such as FLAME, 
which considers Bronze Age Eurasia to be a set of interlinked metal systems, it is 
extremely important to be able to compare across space and time. We suggest that, as 
described in Chapter 1, one of the major limitations of previous large-scale studies 
of copper alloy chemistry is that they have all devised their own classification 
systems for separating objects on the basis of trace element composition (e.g., 
the decision trees of SAM, and the classifications proposed by Northover). Such 
classifications might well be effective for the purposes of the particular project 
in hand, but they are likely to only be applicable to the data included within each 
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dataset, and will therefore differ from project to project, depending on who has 
done them. Thus there is no way that the resulting classifications can be directly 
compared from one study to another. Nor can new data be easily added to existing 
datasets, since the classificatory cut-offs are often defined from an analysis of the 
distribution of particular elements within the dataset, either using some assumed 
normality of overlapping distributions, or looking for ‘natural breaks’ in the data. 
Thus there are clear advantages to universality, even when considering data on a 
scale smaller than the entire Eurasian continent. It must be emphasised, however, 
that in claiming universality we are simply referring to the application of a 
common preliminary sorting methodology, and we do not imply that a common 
interpretation can be applied to the derived datasets irrespective of social context. 
We completely appreciate that an interpretation of metal movement or relationships 
in a simple small-scale social context may be completely inapplicable to a large-
scale centralised economy. Recycling, for example, may be a dominant factor in 
one context but be completely irrelevant in another.
Deriving Copper Groups
In order to convert the chemical data into Copper Groups, we first need to define 
the membership of one or more assemblages on the basis of chronology, typology, 
time or space, depending on the nature of the question being investigated. It is 
important to check that the data for the selected objects are as ‘clean’ and complete 
as possible, as described in Chapter 3 —errors corrected, non-numeric symbols 
removed or dealt with in a systematic and transparent way, and, as far as possible, 
the validity of the data checked. The next step is to carry out a simple presence/
absence classification system based on the four trace elements discussed above—
arsenic, antimony, silver and nickel—for all of the objects in each of the defined 
assemblages. This is a simple heuristic sorting step, which allows us to see the 
trace element characteristics of each assemblage, and to compare the dominant 
chemical signals running through the different assemblages (Bray 2009; Bray 
and Pollard 2012; Bray et al. 2015). The presence or absence of these four trace 
elements is most likely to be related to ore-source, since they tend to be either 
present or absent in the ores known to have been used in antiquity, but we make 
no assumptions at this stage about allocating a particular copper group to a 
specific ore source, known or unknown. A single ore source could produce copper 
classified into more than one copper group, and, conversely, copper of a single 
group could come from more than one mine. At this stage, we are only interested 
in the geographical, typological or chronological patterns that are revealed by this 
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process, with no prior assumptions required about mines or geology. Tracing these 
changes over time, through a landscape, or between social contexts, is at the heart 
of interpreting metal flow.
Before allocating an object to a copper group, for each sample we mathematically 
remove the alloying elements and renormalize the analysis to 100%, since we 
assume at this stage that the trace elements are associated primarily with the 
copper. If this assumption is true, then the addition of substantial quantities of 
alloying elements will simply dilute the trace element values, and may lead to 
misclassification. We take the alloying elements in most copper objects to be lead, 
tin and zinc, although of course not all three are always present, and, further, at 
this stage we assume that the alloying elements do not carry with them any of the 
selected trace elements. This is most likely not to be a safe assumption in the case of 
silver and lead, which is discussed in more detail below. The possible use of arsenic 
(or less commonly antimony) as a deliberately added alloying element rather than 
a trace ‘contaminant’ is discussed below. The formula used for the recalculation of 
the trace element concentrations without the alloying elements is as follows:
[x]corr = [x]meas * 100/(Tot – [Sn] – [Pb] –[Zn])
where [x]corr is the corrected concentration of the trace element, [x]meas is the 
measured concentration of that element, Tot is the original analytical total, and 
[Sn], [Pb] and [Zn] are the measured concentrations of tin, lead and zinc. There 
may be an issue if the original analytical total (Tot) is significantly different from 
100%, which could indicate either a poor analysis, or that one or more elements 
have been missed or poorly determined. It is probably safest to omit completely 
such an analysis from the definition of the assemblage. A useful rule of thumb is 
to omit any analyses with an analytical total <95% or >105%). If this is not done, 
then it is probably best to replace the 100 in the above formula with the actual 
analytical total (Tot), in order to avoid adding more uncertainty into the values. In 
certain sets of analyses (for example, the SAM data), copper was often not directly 
measured in the original publication. Instead, it was estimated by the difference 
between the total of the measured elements from 100%. This does not numerically 
affect the above procedure, but in such cases the reported analytical total is 
artificially set to 100%, and cannot therefore be used to indicate the quality of the 
overall analysis. The same is true for analytical procedures which automatically 
normalize the data to 100% as part of the calibration process. The analytical total 
is the single best indicator of the reliability of any analysis, so those results which 
have a genuine estimate of the true total are inherently preferable to those which 
do not (providing that the estimate is close to 100%!). 
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After removing the alloying elements and renormalizing, we then allocate 
the composition of each object in the assemblage to one of 16 categories, on the 
basis of presence/absence (Y/N) of each corrected trace element value ([x]corr), 
using the definitions listed in Table 1. The categories are arbitrarily labelled and 
ordered according to a set of rules, based on the presence/absence of the elements 
in the fixed order of As/Sb/Ag/Ni. Thus, an object with arsenic above 0.1% but 
everything else below 0.1% would be labelled ‘YNNN’ and assigned to Copper 
Group 2 (CG2). As noted above, for most datasets, we use a figure of 0.1% for 
[x]corr as the division between presence and absence. This figure is essentially 
a compromise which allows us to use as much data as possible from differing 
sources, thereby allowing us to create assemblages of the maximum possible 
size. As discussed in Chapter 3, different analytical techniques can have radically 
different detection limits for a particular element, as well as each analytical 
technique having different limits for each element, and sometimes different limits 
for the same element within different major element matrices. For example, one 
might expect 0.01% (or even 0.001% and below) to be the minimum detectable 
level (MDL) for more modern analytical techniques such as inductively coupled 
plasma mass spectrometry (ICP-MS) when measuring trace elements in copper, 
whereas in older methods, such as optical emission spectroscopy, it may be 0.1% 
at best. When we are dealing with large datasets containing either data from 
mixed analytical sources, or only data from older methods, we have to use a cut-
off relevant to the poorest quality data in the dataset, or else reject those data. 
Clearly, using a cut-off that is much higher than the minimum detectable level 
of the best data is not damaging to the classification outcome (although there is 
obviously the risk of missing some details present in the data), whereas using 
one much lower than that of the poorest data runs the risk of interpreting what 
is essentially noise. Arguably, if the assemblages contain only high quality (i.e., 
modern) data, then a case could be made for reducing the cut-off values for that 
particular exercise. Normally we would not do this, in the interests of retaining 
universality, as discussed above, but for some specific analyses it might be a useful 
additional procedure. There is a particular problem when using data generated by 
energy dispersive X-ray methods (XRF and SEM) on arsenic in the presence of 
lead (see previous chapter), since the MDL for arsenic in such cases might be as 
high as 0.18%. In these circumstances any values recorded as being below 0.18% 
are unreliable, and therefore the presence/absence allocation with a 0.1% cut-off is 
also unreliable for arsenic. Ways of dealing with this situation are discussed below.
After allocating each object in an assemblage to one of the sixteen categories 
described above, the next step is to summarise the combined results. The number 
of objects in each copper group is expressed as a percentage of the total number of 
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objects in the assemblage. We refer to this percentage as the ubiquity of that copper 
group. Thus, if all the objects in an assemblage are categorized as Copper Group 
2, then this would result in an assemblage with CG2 = 100%, and all other Copper 
Groups equal to zero. A random distribution of objects between all possible Copper 
Groups would have each Copper Group reported as 6.25%. The pattern for each 
assemblage is most simply summarised numerically as a single row of percentages 
in a table of Copper Groups. When comparing a set of assemblages, they can be 
entered as successive rows in the table, and patterns are clearly seen simply by 
comparing the changes between rows (see for example, Table 2). A useful practice 
is to colour code the percentages, with a scheme such as red signifying ubiquities 
above 50%, amber between 30% and 50%, and yellow for 20-30%, depending on 
the range within the data. In this way significant components can be immediately 
identified, and changes down the table can be easily evaluated. The same data 
can also be displayed graphically as a pie chart representing the composition of a 
single assemblage (Figure 1). Several pie charts can then be displayed on a map, 
allowing variations across space to be visualised.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
clean As Sb Ag Ni AsSb SbAg AgNi AsAg SbNi AsNi AsSbAg SbAgNi AsSbNi AsAgNi AsSbAgNi
Panlongcheng 34 18 0 8 12 0 0 0 6 0 18 4 0 0 0 0 50
1 2 3 4 5 6 7 8 9
clean As Sb Ag Ni AsSb SbAg AgNi AsAg
Panlongcheng 34 18 0 8 12 0 0 0 6
1 clean 
2 As 
3 Sb 
4 Ag 
5 Ni 
6 AsSb 
7 SbAg 
8 AgNi 
9 AsAg 
10 SbNi 
11 AsNi 
12 AsSbAg 
13 SbAgNi 
14 AsSbNi 
15 AsAgNi 
16 AsSbAgNi 
 
Figure 1. 
A hypothetical example showing the ubiquity of Copper Groups in an assemblage of 50 
objects, presented as a table and a pie chart.
An example of such a table is shown in Table 2, where the ubiquity of Copper 
Groups for Chinese metal objects from the Erligang (Zhengzhou) period (c. 1500–
1400 BCE), the Shang (Anyang) Dynasty (c. 1400–1046 BCE) and the Western 
Zhou Dynasty (1046–774 BCE) are shown sequentially. At the very broadest level, 
this shows that the Erligang period metalwork contains 18% of objects assigned to 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
clean As Sb Ag Ni AsSb SbAg AgNi AsAg SbNi AsNi AsSbAg SbAgNi AsSbNi AsAgNi AsSbAgNi
Erligang 26.3 13.2 0 18.4 2.6 0 0 0 23.7 0 2.6 10.5 0 2.6 0 0 38
Shang 19.8 26.7 1.4 3 0 5.1 1.1 0.2 17.2 0.2 0.7 21.6 0.2 0.2 1.1 1.4 435
Western Zhou 15.5 30.5 0.9 4.1 0 6.8 0 0.5 18.2 0 0 21.8 0.5 0 0 1.4 220
Panlongcheng 34 18 0 8 12 0 0 0 6 0 18 4 0 0 0 0 50
Table 2: 
An example of the use of a table of ubiquities of Copper Groups (see text).
1 2 3 4 5 6 7 8 9 10 11 12
clean As Sb Ag Ni AsSb SbAg AgNi AsAg SbNi AsNi AsSbAg
Erligang 26,3 13,2 0 18,4 2,6 0 0 0 23,7 0 2,6 10,5
Shang 19,8 26,7 1,4 3 0 5,1 1,1 0,2 17,2 0,2 0,7 21,6
Western Zhou 15,5 30,5 0,9 4,1 0 6,8 0 0,5 18,2 0 0 21,8
Panlongcheng 34 18 0 8 12 0 0 0 6 0 18 4
1 2 3 4 5 6 7 8 9 10 11 12
clean As Sb Ag Ni AsSb SbAg AgNi AsAg SbNi AsNi AsSbAg
Erligang 26,3 39,5 39,5 57,9 60,5 60,5 60,5 60,5 84,2 84,2 86,8 97,3
Shang 19,8 46,5 47,9 50,9 50,9 56 57,1 57,3 74,5 74,7 75,4 97
Western Zhou 15,5 46 46,9 51 51 57,8 57,8 58,3 76,5 76,5 76,5 98,3
Panlongcheng 34 52 52 60 72 72 72 72 78 78 96 100
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clean As Sb Ag Ni AsSb SbAg AgNi AsAg SbNi AsNi AsSbAg
Erligang 26,3 13,2 0 18,4 2,6 0 0 0 23,7 0 2,6 10,5
Shang 19,8 26,7 1,4 3 0 5,1 1,1 0,2 17,2 0,2 0,7 21,6
Western Zhou 15,5 30,5 0,9 4,1 0 6,8 0 0,5 18,2 0 0 21,8
Panlongcheng 34 18 0 8 12 0 0 0 6 0 18 4
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Shang 19,8 46,5 47,9 50,9 50,9 56 57,1 57,3 74,5 74,7 75,4 97
Western Zhou 15,5 46 46,9 51 51 57,8 57,8 58,3 76,5 76,5 76,5 98,3
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Panlongcheng 34 18 0 8 12 0 0 0 6 0 18
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Figure 2: 
Alternative graphical representations of the data given in Table 2. a) bar chart, b) skyline plot, 
c) ribbon plot, d) cumulative frequency curves.
a)
b)
c)
d)
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CG4 (Cu + Ag), which is absent from the later periods. It also shows the relative 
similarity between the CGs used during the Shang and Western Zhou dynasties, 
which we have interpreted as continuity in the sources of copper used between the 
Shang and Western Zhou, but that some changes occurred between Erligang and 
Shang (Pollard et al. 2017a). The same table also shows the ubiquity of Copper 
Groups at the site of Panloncheng, which is an Erligang period settlement on the 
Yangzi River. The difference between Erligang (Zhengzhou), which represents the 
metal in circulation at the Erligang capital, and Panlongcheng (e.g., the presence 
of CGs 5 (Cu + Ni) and 11 (Cu + As, Ni) at Panlongcheng) suggests that there is 
not a simple correspondence between the metal in circulation at these two sites 
(Liu et al. 2017; in prep.).
Figure 2 shows a series of graphical representations of the data shown in Table 
2. The bar chart (Fig. 2a) allows a direct comparison of the ubiquity of each 
assemblage within the 16 Copper Groups. Figure 2b is also a histogram, but 
the top of each column has been joined together for each assemblage to give a 
‘skyline plot’. The ‘ribbon plot’ (Fig. 2c) is the same presentation rendered in three 
dimensions. The fourth plot (Fig. 2d) is a cumulative frequency curve of the data 
presented in Table 2, which perhaps shows most directly the similarity between 
Shang and Western Zhou, and the different nature of Erligang and Panlongcheng. 
Cumulative frequency curves are discussed in more detail in the next chapter.
All these graphical representations are equivalent, and are based on the 
arbitrary sequence of Copper Groups defined in Table 1. Such comparisons are 
valid between assemblages provided this sequence is adhered to. Obviously, any 
presentation of the type shown in Figure 2 will become difficult to interpret if the 
number of assemblages in the comparison becomes too great—generally, four is 
about the maximum.
Exploring the effect of the choice of trace element cut-off value
Given that the selection of a cut-off value of 0.1% between presence and absence 
for the trace elements is a compromise designed to allow the use of the maximum 
number of analyses, it is important to consider whether the use of this figure is 
affecting the interpretation of the data. As noted in Chapter 3, within the chemical 
data the minimum detectable level will vary from element to element and from 
instrument to instrument. For some elements by certain analytical methods, the 
cut-off might be above this value, and the allocation of individual samples to a 
specific Copper Group could be unstable. One way of checking the robustness of 
the allocation to Copper Groups is to systematically vary the cut-offs, compile a 
summary table for each cut-off value as described above, and compare the stability 
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of the ubiquities of each group as the cut-off varies. The FLAME database software, 
as described in Chapter 7, allows the cut-off to be set by the user independently 
for all four trace elements. Table 3 shows an example from a dataset consisting 
of 298 objects from the Sackler Collection (Bagley 1987), measured by AAS for 
major elements and NAA for traces. The table shows how the allocation to Copper 
Group varies as the cut-off for all four trace elements is increased step-wise from 
0.01% to 0.2%. Figure 3 shows the changes in the allocations for CGs 1 (Cu only), 
9 (Cu + As, Ag), 12 (Cu + As, Sb, Ag), 16 (Cu + As, Sb, Ag, Ni), which are the 
major CGs shown in Table 3.
Cut-off 
(%)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
cle
an
As Sb Ag Ni As
Sb
Sb
Ag
Ag
Ni
As
Ag
Sb
Ni
As
Ni
As
Sb
Ag
Sb
Ag
Ni
As
Sb
Ni
As
Ag
Ni
As
Sb
Ag
Ni
0.01 1.0 0.3 0.0 0.0 0.0 0.0 0.3 0.3 13.1 0.0 0.0 47.8 0.0 0.3 4.0 32.7
0.02 1.7 2.4 0.0 1.7 0.3 0.3 0.7 0.0 22.9 0.0 0.0 47.1 0.0 0.3 3.0 19.5
0.03 3.7 3.7 0.0 3.0 0.0 0.7 0.3 0.0 29.3 0.0 0.7 43.8 0.0 0.3 2.0 12.5
0.04 5.1 6.4 0.0 3.7 0.0 0.7 0.3 0.0 31.6 0.0 0.7 41.8 0.0 0.3 1.3 8.1
0.05 7.7 8.8 0.3 5.1 0.0 1.3 0.0 0.0 30.3 0.0 1.0 38.7 0.0 0.0 1.7 5.1
0.06 9.1 11.8 0.3 6.1 0.0 1.7 0.0 0.0 29.0 0.0 1.0 35.7 0.0 0.7 1.3 3.4
0.07 11.8 14.8 0.3 5.7 0.0 4.0 0.0 0.0 26.3 0.0 1.3 32.0 0.0 0.7 0.0 3.0
0.08 16.2 20.5 0.3 3.7 0.0 5.1 0.0 0.0 21.2 0.0 1.0 29.3 0.0 0.7 0.0 2.0
0.09 19.2 22.2 0.7 4.0 0.0 6.7 0.0 0.0 18.9 0.0 0.7 24.9 0.0 0.7 0.0 2.0
0.10 24.2 24.2 0.7 1.7 0.0 6.4 0.0 0.0 17.8 0.0 0.3 22.2 0.0 0.3 0.0 2.0
0.11 25.3 29.3 0.7 1.7 0.0 7.4 0.3 0.0 14.1 0.0 0.3 19.5 0.0 0.0 0.0 1.3
0.12 27.6 31.3 0.7 1.3 0.0 7.1 0.3 0.0 13.1 0.0 0.3 16.8 0.0 0.0 0.0 1.3
0.13 29.6 33.0 0.7 1.3 0.0 8.1 0.0 0.0 11.1 0.0 0.3 14.5 0.0 1.3 0.0 0.0
0.14 31.3 35.0 0.7 1.7 0.0 7.7 0.0 0.0 8.8 0.0 0.3 13.1 0.0 1.3 0.0 0.0
0.15 33.7 34.0 0.7 1.3 0.0 9.1 0.3 0.0 8.1 0.0 0.3 11.1 0.0 1.3 0.0 0.0
0.16 35.7 36.0 1.0 0.3 0.0 8.1 0.0 0.0 7.1 0.0 0.3 10.1 0.0 1.3 0.0 0.0
0.17 37.7 35.7 1.0 0.3 0.0 8.1 0.0 0.0 6.1 0.0 0.3 9.4 0.0 1.3 0.0 0.0
0.18 39.4 36.0 1.0 0.3 0.0 8.8 0.0 0.0 5.1 0.0 0.3 7.7 0.0 1.3 0.0 0.0
0.19 40.4 37.0 1.3 0.3 0.0 7.4 0.0 0.0 4.0 0.0 0.3 7.7 0.0 1.3 0.0 0.0
0.20 43.1 35.4 1.7 0.3 0.0 6.7 0.0 0.0 3.4 0.0 0.3 7.7 0.0 1.3 0.0 0.0
Table 3: 
Allocation of an assemblage of 298 objects from the Shang bronzes in the Sackler collection 
(Bagley 1987) to Copper Groups as the cut-off value is varied.
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Cut-off (%) 1 2 3 4 5 6 7 8 9
clean As Sb Ag Ni AsSb SbAg AgNi AsAg
0,01 1,0 0,3 0,0 0,0 0,0 0,0 0,3 0,3 13,1
0,02 1,7 2,4 0,0 1,7 0,3 0,3 0,7 0,0 22,9
0,03 3,7 3,7 0,0 3,0 0,0 0,7 0,3 0,0 29,3
0,04 5,1 6,4 0,0 3,7 0,0 0,7 0,3 0,0 31,6
0,05 7,7 8,8 0,3 5,1 0,0 1,3 0,0 0,0 30,3
0,06 9,1 11,8 0,3 6,1 0,0 1,7 0,0 0,0 29,0
0,07 11,8 14,8 0,3 5,7 0,0 4,0 0,0 0,0 26,3
0,08 16,2 20,5 0,3 3,7 0,0 5,1 0,0 0,0 21,2
0,09 19,2 22,2 0,7 4,0 0,0 6,7 0,0 0,0 18,9
0,10 24,2 24,2 0,7 1,7 0,0 6,4 0,0 0,0 17,8
0,11 25,3 29,3 0,7 1,7 0,0 7,4 0,3 0,0 14,1
0,12 27,6 31,3 0,7 1,3 0,0 7,1 0,3 0,0 13,1
0,13 29,6 33,0 0,7 1,3 0,0 8,1 0,0 0,0 11,1
0,14 31,3 35,0 0,7 1,7 0,0 7,7 0,0 0,0 8,8
0,15 33,7 34,0 0,7 1,3 0,0 9,1 0,3 0,0 8,1
0,16 35,7 36,0 1,0 0,3 0,0 8,1 0,0 0,0 7,1
0,17 37,7 35,7 1,0 0,3 0,0 8,1 0,0 0,0 6,1
0,18 39,4 36,0 1,0 0,3 0,0 8,8 0,0 0,0 5,1
0,19 40,4 37,0 1,3 0,3 0,0 7,4 0,0 0,0 4,0
0,20 43,1 35,4 1,7 0,3 0,0 6,7 0,0 0,0 3,4
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Figure 3: 
Variation in allocation of objects to Copper Groups 1, 2, 9, 12 and 16 from Table 3.
At first sight, this does not show any stability in the allocation of the data to 
Copper Groups. However, it must be remembered that as the cut-off is raised 
incrementally, there will be a gradual drift away from CGs 2-16 towards CG1 
(clean copper) providing the trace elements are within the range of variation of 
the cut-off, ultimately ending with all objects being classified as CG1. Thus, CG1 
should increase at the expense of all other groups as the cut-off rises. With this in 
mind, Figure 3 clearly shows that with a cut-off set at below 0.05% the allocation 
to Copper Groups is unstable, but above this figure the attributions behave as 
expected. What is significant is that CG9 and CG12, whilst both decline above 
0.05% because of the increase in allocations to CG1, have approximately the same 
ratio to each other for any value of the cut-off, and CG16 is shown to be relatively 
unimportant above 0.05%. This would suggest that, for this type of data, any value 
of the cut-off above 0.05% will give stable results. That is not to say that the 
detailed allocation to Copper Groups does not depend on the value of this cut-off, 
but it does mean that comparisons between assemblages will not be affected by the 
choice of cut-off, provided the same set of cut-offs are used.
A similar pattern is seen when using an assemblage of data produced by 
electron microprobe (EPMA). Figure 4 shows the variation in the major Copper 
Groups present in the data from Hanzhong (207 analyses: Chen 2009). This again 
shows instability in the allocations below 0.05%, but relative stability above that 
point. As expected, CG1 increases as the cut-off rises, but in this case CG2 (Cu 
+ As) also increases towards the maximum cut-off, at the expense of CG16 (Cu 
+ As, Sb, Ag, Ni). This implies that the samples allocated to CG16 contain low 
levels of antimony, silver, and nickel, but relatively higher arsenic, so as the cut-
off increases samples are gradually re-allocated from CG16 to CG2 and not to 
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CG1. It is to be expected that were the cut-off to be increased above 0.2%, CG1 
would grow at the expense of CG2, up to the maximum value of arsenic in the 
assemblage.
Cut-off 1 2 3 4 5 6
0,01 54,6 1,9 0,0 18,8 0,0 0,0
0,02 54,6 1,9 0,0 18,8 0,0 0,0
0,03 54,6 2,9 0,0 18,8 0,0 0,0
0,04 66,7 5,8 0,0 8,7 0,0 0,0
0,05 67,6 5,3 0,0 8,7 0,0 0,0
0,06 68,1 5,8 0,0 8,2 0,0 0,0
0,07 69,1 6,3 0,0 8,2 0,0 0,0
0,08 70,0 6,3 0,0 8,2 0,0 0,0
0,09 72,9 6,8 0,0 5,3 0,0 0,0
0,1 73,4 6,8 0,0 4,8 0,0 0,0
0,11 73,9 6,8 0,0 4,8 0,0 0,0
0,12 74,4 6,8 0,0 4,3 0,0 0,0
0,13 74,9 8,2 0,0 3,9 0,0 0,0
0,14 74,9 9,7 0,0 3,9 0,0 0,0
0,15 74,9 10,1 0,0 3,9 0,0 0,0
0,16 74,9 10,6 0,0 4,3 0,0 0,0
0,17 74,9 10,6 0,0 4,3 0,0 0,0
0,18 74,9 11,1 0,0 4,3 0,0 0,0
0,19 75,8 11,1 0,0 3,9 0,0 0,0
0,2 75,8 11,1 0,0 4,3 0,0 0,0
Hanzhong (n=207) EPMA
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Figure 4: 
Variation in the major Copper Groups present as a function of cut-off value in the EPMA data 
from Hanzhong (207 analyses: Chen 2009)
Both of these examples show that the allocations to Copper Groups behave as 
predicted above a value of 0.05%, and suggest that 0.1% is a reasonable value to 
use—although it could be lower. This is to be expected since the trace elements 
in Figure 3 were measured by neutron activation analysis, and in Figure 4 by 
electron microprobe—both of which should have minimum detectable levels 
for these four elements below 0.05%. As might also be expected, however, data 
produced by older methods of analysis, especially optical emission spectroscopy 
(OES), show a pattern that is somewhat more difficult to interpret. Figure 5 shows 
the variation in copper group ubiquities for a heterogeneous assemblage of 250 
Chinese bronzes from the British Museum, analysed by OES in Oxford in the late 
1950s but only published in 2018 (Pollard et al. 2018). In this instance the cut-off 
variation has been extended to 0.45. This figure displays the variation in the major 
Copper Groups in the data (CG1 (clean copper), CG2 (Cu + As), CG6 (Cu + As, 
Sb) and CG16 (Cu + As, Sb, Ag, Ni)), and shows a dominance of CG16 up to 
about 0.15%, but after that CG1 rises steadily. CGs 2 and 6 both rise to a plateau 
around 0.2%, and then drop away as the cut-off increases. It is not obvious to see 
where the cut-off should be in this case—it should probably be above 0.15%, but 
this pre-supposes that CG16 is only registered as a result of random variation in 
the trace element concentrations, and is not actually present in the data. By looking 
at some of the less abundant Copper Groups within this dataset, we can investigate 
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this further. Figure 6 shows the variations in the minor CGs present in the same 
data as represented in Figure 5. It again shows that with a cut-off below 0.1% the 
attributions are highly unstable, but that above 0.1% the pattern has settled down. 
This might suggest that a useable cut-off for older OES data might be 0.1%, but 
an argument could be made for using a cut-off somewhat closer to 0.15% or even 
0.2%. In the interests of universality, we generally apply 0.1% in all cases, but 
would strongly suggest that anybody carrying out an analysis using this approach 
should vary the cut-off systematically on their specific dataset before deciding 
on a value. It is also possible to have different cut-offs for different elements. In 
specific datasets containing older data, we recommend looking at the trace element 
distribution profiles within the dataset (see below) before selecting cut-off values. 
For example, in her DPhil thesis on Iranian metalwork, Cuénod (2013, 273) felt 
that cut-off values of 0.25% for arsenic, 0.05% for antimony and silver, and 0.1% 
for nickel were the most appropriate for her particular dataset. There is therefore a 
balance to be struck between the simplicity of using a uniform set of cut-offs and 
the quality of the data under consideration.
0,33 44,6 30,7 3,2 0,4 1,6 8,0 0,0
0,34 45,8 30,3 3,2 0,4 1,2 8,0 0,0
0,35 45,8 31,1 3,2 0,4 1,2 8,8 0,0
0,36 47,0 31,1 3,2 0,4 1,2 8,8 0,0
0,37 47,8 30,7 2,8 0,4 1,2 9,2 0,0
0,38 49,4 30,3 2,8 0,4 1,2 8,4 0,0
0,39 49,4 30,7 2,8 0,4 1,2 8,0 0,4
0,4 50,6 29,9 2,8 0,4 0,8 8,4 0,4
0,41 51,4 29,5 2,8 0,4 0,8 8,0 0,4
0,42 51,8 29,5 3,2 0,4 0,8 7,2 0,4
0,43 52,2 29,5 3,2 0,8 0,8 7,2 0,4
0,44 54,2 29,1 3,2 0,8 0,4 6,8 0,4
0,45 55,8 28,7 2,8 0,8 0,4 6,4 0,4
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Figure 5: 
Variation in the major Copper Groups present as a function of cut-off value in OES data from 
Chinese and other bronzes in the British Museum (250 analyses: Pollard et al. 2018).
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Figure 6: 
Variation in the minor Copper Groups present as a function of cut-off value in OES data from 
Chinese and other bronzes in the British Museum (250 analyses: Pollard et al. 2018).
Profile analysis
Following this preliminary classification stage, the next step is to look at the 
distribution profiles for specific chemical elements within the Copper Groups 
(profile analysis). This is discussed in more detail in the next chapter in the context 
of alloying, but here it is used to gain a better understanding of the characteristics 
of each copper group, and the relationship between them within the defined 
assemblage. The profile studied could be that of the (corrected) element used 
to define the copper group (such as arsenic for CG2), but it could also be the 
profiles of the other trace elements (such as nickel in CG2, which will all be, by 
definition, <0.1%). It could also be a profile of the alloying elements for all the 
objects defined as belonging to a particular Copper Group, or even profiles of the 
elements not included in the classification process, such as bismuth. 
 In the case of the profile of trace elements included in the classification 
(As, Sb, Ag, Ni), particular attention has to be paid to trace element distributions 
which straddle the cut-off value. For example, if in one assemblage (Figure 7a) 
the arsenic distribution is largely above 0.1%, but has a ‘tail’ towards lower values, 
then some objects within the assemblage will be assigned to CG1 (clean copper), 
but others, which are actually part of the same distribution, will be assigned 
to CG2 (Cu + As). Another assemblage (Figure 7b) might have two discrete 
distributions, one below the 0.1% cut-off and one above it. Both assemblages 
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would therefore be recorded as containing both CG1 and CG2, but a plot of the 
arsenic distribution in the two cases will show clearly that the distribution in the 
first assemblage is continuous, and that the process of allocation to Copper Groups 
has artificially split this single distribution into two. In the second example, the 
distribution profile will show two distinct groups. The fact that these two profiles 
are different but the copper group assignments appear superficially similar does 
not, however, invalidate the process. In both cases, it indicates that both ‘clean’ 
copper (CG1) and Cu + As (CG2) are present in the metal flow, which is the aim 
of the preliminary classification process. It would be a problem, however, if it were 
assumed that CG1 represented a source of copper that contained no arsenic, and 
CG2 derived from one that did, but we emphasise again that these Copper Groups 
do not necessarily correspond to specific ‘sources’ or ‘mine sites’. It simply means 
that these particular assemblages contain objects classified as both CG1 and CG2, 
which, in the first example, profile analysis has shown to be part of the same 
distribution of arsenic. The artificial division between CG1 and CG2 in this case 
makes no difference to the overall characterization of the assemblage. It would 
perhaps be better in such cases to consider the classification as ‘CG1+2’, rather 
than CG1 and CG2, to remind ourselves that these are not independent groups, and 
that the actual balance of ubiquities between CG1 and CG2 may not be significant. 
In the second example, which results in a similar copper group classification, but is 
actually two independent distributions, profile analysis would immediately show 
that they were not from the same distribution. In this case the balance of ubiquities 
between CG1 and CG2 could then be significant.
One purpose of carrying out profile analysis of the alloying elements within 
specific Copper Groups is to see if there is any association between the type of 
copper being used (as defined by the Copper Groups) and the type of alloy being 
made from that copper. For example, if, in an assemblage of contemporary objects 
from a particular site, it turned out that copper of CG1 was always used to make 
unalloyed objects, whereas CG3 only appeared when associated with tin to make 
bronze objects, then we might postulate that the unalloyed objects containing CG1 
came from one specific source, and that the combination of CG3 + Sn came from 
somewhere else. Moreover, we might also consider whether this indicated that the 
metal forming the combination of CG3 + Sn was imported to the site as finished 
objects, or as pre-alloyed ingots to be made into objects on site, or whether some 
other factor within the organisation of the local foundries resulted in the alloying of 
tin only with copper of type CG3, but not with CG1. A critical part of this analysis 
would also be to relate the typology of the objects to the two identified patterns of 
unalloyed CG1 and CG3 + Sn. As discussed in the next chapter, profile analysis of 
the tin associated with CG3 could also reveal whether this bronze was a primary 
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(i.e., with a deliberately controlled composition) or a secondary alloy (with little 
or no control). This in turn could relate to how much metal recycling was being 
practiced. An example of this sort of analysis using Qing dynasty Chinese copper 
alloy coinage is given in the next Chapter.
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Figure 7: 
Two simulated distributions of arsenic: a) a continuous distribution with some values below 
the cut-off at 0.1%, and b) two discrete distributions, one above and one below the cut-off 
at 0.1%
Suffice to say that it is the careful unpicking of the data within the Copper Groups 
(including the use of profile analysis and mapping) in combination with typological 
and archaeological evidence that can lead to significant insights, not only into the 
patterns of metal movement, but also possibly into the ways in which the metals 
are moving (i.e., as a specific pre-formed alloys, or as raw metal).
a)
b)
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Mapping
One of the major ways of displaying Copper Group data is to map them. We 
use mapping to determine the extent, movement and timing of the circulation of 
particular metal (and alloy) types. The first maps we produced simply plotted by 
hand the ubiquity of each copper group across a map of Europe for a specified time 
period. In this case, ubiquity was calculated as the number of objects allocated to a 
particular copper group as a percentage of the total number of objects in a specific 
region (i.e., the assemblage in this case is defined as the totality of analysed objects 
in a specified region for a specified time period). Originally, for Europe, we used 
the regions as defined in the SAM project, since the majority of the data for Europe 
were derived from that project. An example is shown in Figure 8, which plots the 
distribution of CG2 metal (copper with only arsenic) for the Early Bronze Age 1 
period, approximately 2000– 700 BCE (Bray 2009). Some of the objects contain 
tin, but, as described above, this is stripped out before allocating objects to Copper 
Groups.
Figure 8: 
Ubiquity of CG2 (Cu + As) across Europe in the Early Bronze Age (Bray and Pollard 2012).
The colour coding shows the frequency of occurrence of CG2 in the regional 
assemblage. It is highly regionalised, with the coast of Iberia showing very high 
ubiquities (>50%), whereas Germany has less than 5% of such metal. We concluded 
from this that a source of this type of copper is likely to be found in Iberia, and that 
there might be a coastal movement of this metal up the Atlantic coast of France and 
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then into the UK, since there is a significant presence of such metal in these regions 
(25–50% ubiquity). From the archaeological data, we hypothesised that metal in 
the form of axes was being transported up the coast, but most likely in a series of 
short distance steps, and hence taking some time to move. The changing typology 
of the axes suggests also that they are being re-cast to meet local requirements of 
form at each stage of the journey. This hypothesis is supported by the declining 
average content of arsenic in the axes with increasing distance from Iberia, which 
is consistent with the model for arsenic loss on recycling, as described below. 
We should emphasise that this attribution of likely sources for Group 2 copper 
is obtained purely from the distribution of the compositions of the artefacts 
themselves, and is postulated without any reference to ore data or known Bronze 
Age mining sites. We can infer the existence of a source for a particular type of 
copper from ubiquity mapping—‘hot spots’ in the ubiquity map corresponding 
to likely source areas. This then allows us to cross-check against the locations of 
known mining or production sites and to compare ore geochemistry with that of 
the copper group, to identify the likely production sites within these broad areas.
Another possible source of CG2 metal in Europe is partially suggested in 
Figure 8 by the appearance of higher ubiquities of Group 2 metal in western 
Anatolia and the Balkans, but this particular region does not show the same high 
ubiquities as seen in Iberia, perhaps suggesting that the source of this metal lies 
further east, and that these points represent the ‘tail’ of a larger distribution centred 
off the map to the east. The distribution of this copper group throughout the 
Near East has been confirmed by subsequent work extending the map eastwards 
(Cuénod et al. 2015). Figure 9 shows the original map inserted into a larger map, 
confirming the significant existence of Group 2 metal in Anatolia and western 
Asia, and suggesting possible source regions in Cyprus and Afghanistan. Current 
work (Howarth in prep.) will substantially add to this picture by adding more data 
from the Levant and the Caucasus. The combination of these two maps, however, 
demonstrate very clearly the advantage of using a common approach to the data 
(i.e., the principle of universality), in that the data from the second study focussing 
on Iran could be directly added to the original data from Europe.
The data in Figures 8 and 9 are still plotted on an arbitrary regional basis—in 
other words, the ubiquity is calculated as the proportion of objects classified as 
CG2 in a specified geographical area, which is often based on modern political 
geography. With the gradually increasing volume of data in our GIS database, we 
can now replace these arbitrary regions with a range of different possible areal 
units. These can include simple grid squares of equal size, or polygons which 
reflect the amount of data within them, or can be defined by geographical features 
such as watersheds (see Chapter 7). Figure 10 shows the ubiquity of CG2 for the 
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entire Bronze Age dataset across Eurasia based on a 10 WGS84 grid, confirming 
the importance of Group 2 sources in Iberia and western Asia, and also showing a 
strong presence along the Steppe belt, but with no significant occurrence in China.
Figure 9: 
Ubiquity of CG2 (Cu + As) across Europe and Western Asia in the early second millennium 
BCE (Bray et al. 2015).
Figure 10: 
Ubiquity of CG2 (Cu + As) across Eurasia (FLAME database).
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Figure 10 shows that there are appear to be two or three centres of CG2 (Cu + As) 
use across Eurasia during the Bronze Age, focussed on i) the Iberian peninsula, 
ii) Anatolia, the Caucasus and southern Central Asia, and iii) the Altai mountains. 
Neither central and eastern Europe, nor China, have much significant presence of 
Group 2 copper. For regions where we actually have data, it is therefore obvious 
that copper is present, but not classified as CG2. Figure 11 is a map of the ubiquity 
of CG16 (Cu + As, Sb, Ni, Ag) across Europe, to be compared with Figure 10. This 
shows an almost mirror image of the distribution of CG2—CG16 is virtually absent 
in Atlantic Europe and the eastern Mediterranean, but shows a strong presence in 
central Europe north of the Alps, with a focus on modern Germany, and a ‘halo’ 
of weakening ubiquity as the distance from Germany increases. This probably 
represents the output of the central German or Austrian fahlore sources, and the 
halo shows the extent of the distribution of such metal, diminishing in ubiquity as 
it competes with (or is mixed with) other types of copper. The value of such sets 
of maps is that they show the extent of movement of particular types of metal, and 
hence highlight the different traditions of metal use in different cultures.
Figure 11: 
Ubiquity of CG16 (Cu + As, Sb, Ni, Ag) across Eurasia, to be compared with Fig. 10 (FLAME 
database).
A key issue in this mapping is obviously the choice of chronological resolution and 
the definition of the size of each region. Often these decisions are imposed by the 
quality of the archaeological chronologies available for the metalwork, combined 
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with the need to keep the numbers of objects in each regional and chronological 
group above a meaningful minimum. As noted above, the methodology becomes 
increasingly powerful when combined with Geographical Information Systems 
(GIS: e.g., Perucchetti et al. 2015, Peruchetti 2017: see Chapter 7), which, apart 
from providing more flexible mapping, also allows the use of geospatial statistics 
to investigate the relationship between metal distributions and transport routes, or 
topographical features such as mountains and river systems. 
But what is a ‘Copper Group’?
A key question to consider at this stage is ‘what do we actually mean by the term 
Copper Group?’ As previously noted, the concept of a Copper Group cannot be 
equated simply with ideas of provenance—objects within one Copper Group could 
come from more than one place, and one mine could produce copper of more than 
one group. The ubiquity of a particular copper group in space or time is simply an 
expression of how common a particular combination of trace elements is within 
that particular assemblage. It is essentially a heuristic device for characterising 
the trace element patterns within a large set of data, and acts as the starting point 
for a further suite of analyses, designed to detect change over time, or differences 
between regions, or variations between typological categories. The key point 
is that it is designed to allow change to be quantified. This change may be the 
result of a change in ore source, in which case it is operating in the same way 
as a traditional indicator of provenance, but it could also result from many other 
subsequent human actions, such as mixing primary metal from several sources, or 
recycling.
A significant difference between this system and most previous work is that our 
model is designed specifically to quantify changes in the trace element patterns in 
copper alloy objects, i.e., in worked metal. We do not explicitly aim to incorporate 
data from smelting debris, or of ore minerals from specific mining sites. That is 
not to say that these data are not important, but that in our procedure they do not 
form part of the initial mapping of object data. This is deliberate, and, we would 
argue, beneficial. As shown above, mapping particular Copper Groups as found in 
objects can lead to the identification of geographical ‘hot spots’, where a particular 
copper group represents the overwhelmingly dominant trace element pattern in 
that region. It is not unreasonable to assume that such ‘hot spots’ correspond to 
the output of a particular mine or mining region, whose ore mineralogy generally 
gives rise to a particular pattern of trace elements. The mapping also shows the 
extent of the circulation of such metal, and the fall-off in this circulation, as well as 
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defining the likely location of the mine in broad terms. It is then a matter of turning 
to the published data on known Bronze Age mining (e.g., for Europe, O’Brien 
2015), and comparing the ore mineralogy and/or the smelting products of that 
mine with the dominant copper group in that area. If the Copper Groups match 
the output of the mine, then we have two independent lines of evidence pointing 
to the exploitation of that mine in prehistory. Moreover, from the mapping we 
can estimate the extent of dispersal of the mining products, and also get some 
independent evidence of the date of exploitation of the mining region from the 
dating of the objects likely to have been made from the ouptut of that mine. In 
other words, we can achieve the goals of provenance studies from a completely 
different direction, and even add some additional useful spatial and temporal data.
Mixing and recycling
It is obvious that projects which focus exclusively on searching for a direct link 
between the trace elements (or isotopes) in metal objects and those in objects 
of known provenance or in mining debris (ores and waste metal) will produce 
increasingly diffuse results if metal or objects from different sources are mixed 
together. Many if not most previous authors have been aware of these problems, 
and several authors have cited mixing as a possible reason why the outcomes 
of provenance studies based on trace elements can become increasingly 
uninterpretable (e.g., Tylecote 1970). However, few if any have proposed a 
practical means of identifying and addressing this situation. The FLAME ‘form 
and flow’ model, focussing as it does on change in the flow of metal compositions, 
is deliberately designed to reveal such information.
One of the ways that we may be able to detect mixing and recycling is by 
observing systematic changes to the trace element distributions within and between 
assemblages over time. If we have two stocks of metal, one (A) containing copper 
with silver but without nickel (CG5), and the other (B) without silver but with 
nickel (CG4), then if these stocks are melted together in equal quantities, then we 
would expect the resulting metal to have roughly half the amount of silver as A and 
half the amount of nickel as B. Unequal quantities melted together would give pro 
rata results. Depending on how much silver and nickel are in the original metals, 
the result could be an assemblage of metal assigned to CG8 (Cu + Ag, Ni), and 
to one of CG4 and CG5, or both. Thus the appearance of a significant presence of 
CG8 in an assemblage related in some way to assemblages containing both CG4 
and CG5 is suggestive of mixing between these two groups (Table 4). 
Beyond Provenance106
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
cle
an
As Sb Ag Ni As
Sb
Sb
Ag
Ag
Ni
As
Ag
Sb
Ni
As
Ni
As
Sb
Ag
Sb
Ag
Ni
As
Sb
Ni
As
Ag
Ni
As
Sb
Ag
Ni
Assemblage A 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0
Assemblage B 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0
A+B 0 0 0 x y 0 0 100-(x+y) 0 0 0 0 0 0 0 0
 
Table 4: 
Hypothetical mixing of Assemblage A (CG5) and Assemblage B (CG4), to give an assemblage 
containing CGs 8, 4 and 5, depending on the amount of silver and nickel in A and B, and the 
mixing ratio.
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Roman 12.8 0.0 62.8 4.3 0.0 1.1 19.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 94
Early Saxon 3.7 0.3 28.9 5.0 0.3 2.1 48.3 0.0 0.5 1.1 1.3 4.0 0.5 1.6 0.3 2.1 377
Middle Saxon 8.7 8.7 14.1 2.0 2.7 7.4 34.2 0.7 2.0 0.0 1.3 14.1 0.0 1.3 0.7 2.0 149
Late Saxon 13.7 2.7 41.1 5.5 0.0 5.5 17.8 0.0 0.0 0.0 0.0 11.0 0.0 0.0 0.0 2.7 73
Early Medieval 13.8 1.7 25.9 1.7 1.7 27.6 12.1 0.0 0.0 0.0 1.7 5.2 0.0 0.0 0.0 8.6 58
Late Medieval 9.6 1.1 7.0 10.3 5.1 20.2 6.6 0.4 0.7 1.5 0.7 23.5 0.0 2.6 4.0 6.6 272
Post Medieval 9.9 2.4 4.7 8.0 24.1 1.9 4.7 1.9 0.5 1.9 5.2 13.2 0.9 2.8 10.4 7.5 212
Table 5: 
Change of Copper Groups in English copper alloy objects from Roman to Post-Medieval 
times (table from Pollard et al. 2015; data from Blades 1995).
A possible example of this is shown in the data from Blades (1995), who published 
in his thesis more than 1200 high quality analyses of everyday English copper 
alloy objects from the end of the Roman period into the medieval era. Table 5 
shows the allocation of all of these data into Copper Group by period. The Roman 
assemblage is dominated by CG3 (Cu + Sb), with a contribution from CG7 (Cu + 
Sb, Ag). In Britain this combination of copper groups, both containing antimony 
with no arsenic, is uniquely Roman, and as yet we do not know where it came from. 
Possibly CG3 (Cu + Sb) represents partially refined copper originally containing 
both arsenic and antimony, but from which the arsenic has been removed. As 
discussed in Pollard et al. (2015), the major change in English copper supply came 
not at the end of Roman period (c. 400 CE), but at the onset of the Late Saxon 
period (c. 850 CE), several hundred years later. The drop in the ubiquity of CG7 
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(Cu + Sb, Ag) at the beginning of the Late Saxon period is accompanied by a 
rise in CG3 (Cu + Sb) during the Late Saxon period, followed by a rise in CG6 
(Cu + As, Sb) and CG12 (Cu + As, Sb, Ag) in the Early Medieval period (11th 
– 13th C. CE). The rise in CG12 might reflect a new source of metal, but could 
also include some mixing between newly arrived CG6 with already circulating 
(but declining) CG7, which if mixed together would provide arsenic, antimony 
and silver to create CG12. This combination is more likely than mixing of CGs 2 
(As), 3 (Sb) or 6 (As+Sb) with a silver-containing copper, since these are virtually 
absent in the circulation.
Such simple linear mixing models rapidly become complicated, depending on 
the distribution of each element in the assemblages, and on the ‘mixing recipe’. 
Nevertheless, the consequences are in principle calculable. This is only true, 
however, if there are no losses of the trace elements due to either chemical or 
physical processes during the melting process, or subsequent working by casting 
or hammering. This raises the important question of the stability of various trace 
elements during melting and processing. The temperature required to melt copper 
alloys is in most cases likely to be in excess of 10000 C. At these temperatures, 
we may expect to lose the more volatile trace elements, either through direct 
volatalization of the metal, or through oxidation and then volatalization. The first 
aspect of this behaviour can be broadly predicted from the Ellingham diagram 
(Figure 12). This plots, amongst other information, the affinity of each metal for 
oxygen at different temperatures, and allows predictions to be made about which 
metal in a mixture is most likely to oxidize first at a particular temperature and 
oxygen availability. Like all chemical equilibrium models (for such it is), it is only 
a partial guide as to what might happen in the real world, but it is the foundation of 
modern chemical metallurgy (Beeley 2001). The precise rates of oxidation (i.e., the 
kinetics of the situation) are affected by many factors, such as the degree of agitation 
of the molten metal, mutual solubilities between pairs of metals, thermodynamic 
activities (i.e., how the presence of one metal affects the behaviour of another), 
as well as the energies of volatilization and the partial pressures of oxygen and 
other gases (Merkel 1982, 30; Beeley 2001, 31). The importance of such factors is 
shown by the fact that they are exploited by the modern copper industry in order 
to oxygen refine the raw copper produced by the smelter (Copper Development 
Association 2011), and also that such selective oxidations are now an important 
part of the metal recycling industry, e.g., recovering copper from mobile phones 
(Kaspar et al. 2011). Consequently, there is an extensive literature on oxidation 
effects in molten metals that is useful for considering in the archaeological context: 
a copper alloy object will be depleted in certain of its metals depending on how 
many times it has been reheated, and to what temperature (e.g., Hampton et al. 
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1965; Charles 1980; Pickles 1998; Beeley 2001: 497; Tanahashi et al. 2005; Lee 
et al. 2009). Unfortunately, however, the modern metal recycling industry is not 
interested in the same combinations of trace elements as we find in Bronze Age 
alloys, so a certain amount of experimental work has been necessary to understand 
these systems (Sabatini 2017).
 
Figure 12: 
The Ellingham diagram (Bray and Pollard (2012), based on Killick (2001) and Anderson (1930)).
Considering these observations based on modern data from the metal recycling 
industry, it should come as no great surprise that, under certain conditions, melting 
impure copper can result in the partial loss of certain trace elements through 
oxidation, particularly arsenic and antimony. This was convincingly shown for 
arsenic by McKerrell and Tylecote (1972), who demonstrated that under reducing 
conditions (nitrogen atmosphere), no arsenic was lost, but under oxidising 
(atmospheric) conditions it was lost rapidly (Figure 13). In the same paper, they 
carried out one experiment on the loss of antimony from a 4.3% antimonial copper 
(their table 1), and showed that the loss of antimony was comparable to that of 
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arsenic under approximately the same conditions. Other workers have elaborated 
on these observations (e.g., Merkel 1982; Pernicka 1999; Earl and Adriaens 2000), 
but, in short, we may assume that arsenic and antimony are relatively vulnerable 
to oxidation and loss on recycling if the metal goes through a melting process with 
sufficient oxygen availability, whilst silver and nickel are much more resistant to 
removal. Hence, because of their lower vulnerability to oxidative loss, a reduction 
in the average silver or nickel content within an assemblage is more likely to 
be caused by dilution with a unit of silver- or nickel-poor metal rather than a 
consequence of oxidative losses. Summarising the causes of chemical variation 
in smelted copper, Pernicka (1999) concluded that a very limited range of trace 
elements are invulnerable to oxidative losses, and can therefore be directly related 
to the provenance of the ore (most significantly gold (Au), silver (Ag), bismuth 
(Bi), iridium (Ir) and nickel (Ni)), whilst a large number of the others are prone to 
loss (including tin (Sn), providing it is present at less than c. 1%, zinc (Zn), lead 
(Pb) if less than 5%, plus arsenic (As), cadmium (Cd), cobalt (Co), indium (In) and 
mercury (Hg)) and, according to Pernicka, are therefore likely to be indicators of 
either technology or provenance. Although his study is focussed on the suitability 
of particular elements in copper for conventional provenance studies, it does show 
very clearly that oxidative losses do occur when copper is melted. Merkel (1982, 
287) refers to the “confusion” that such differential oxidative losses could cause. 
However, if we shift our theoretical focus somewhat, we see that, rather than 
being a perturbing factor in the quest for provenance, these potential chemical 
changes under melting present us with an extremely powerful interpretative tool 
for understanding the interaction between humans and metal.
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Figure 13: 
Comparison of loss of arsenic from 12% arsenical bronze under oxidizing and reducing 
conditions (drawn from data in McKerrell and Tylecote 1972, Table 3)
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It is clear that the rate of loss of the more vulnerable trace elements will depend on 
many factors apart from time, temperature and redox conditions. These include the 
way that the processes (melting and hot working) are carried out, and factors such 
as the influence of other elements in the metal (Sabatini 2017). In an attempt to 
construct a simple model to predict the rates of loss of arsenic and antimony from 
a copper melt, we combined the data of McKerrel and Tylecote (1972) for arsenic 
with observational data generated by Bray (2009) on the relative rates of loss 
of arsenic and antimony in objects from Ross Island, and calculated exponential 
parameters for the rates of loss for arsenic and antimony under oxidizing 
conditions. This model (Figure 14) simply assumes that the rate of loss of an 
element is proportional to the amount of that element left at time t.
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Figure 14: 
Theoretical calculation of the rate of loss of arsenic and antimony from Ross Island metal.
The starting point for this model (Cu + 2.2% As, 0.6% Sb and 0.25% Ag) is the 
average composition of halberds made from Ross Island metal (Ireland) in the 
British and Irish Early Bronze Age (c. 2500 – 1700 BCE), since these objects have 
the highest average levels of arsenic and antimony of any objects attributed to the 
Ross Island source (Bray 2009). Applying the calculated rate constants (-0.05 for 
arsenic and -0.02 for antimony, and a linear evaporative loss for copper) shows the 
expected rapid loss of arsenic and a slower loss of antimony, with silver slightly 
increasing as a result of the loss of the other elements in the melt, primarily copper 
(Figure 14). Superimposed on this figure are the average compositions of other 
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classes of artefacts attributed to Ross Island metal, but from different periods, 
namely axes from Metal Ages (MA) 1/2, 3, 4/5, and daggers from MA 1/2 and 
3. Metal Ages are successive chronological periods during the British and Irish 
Bronze Age, defined by metal hoards from specific type-sites—see Needham 
(1996). The position of these other groups on the graph is unknown, and is simply 
fitted by locating the average value of %As along the exponential decay curve for 
arsenic. Not unexpectedly, perhaps, given the way the model was constructed, the 
associated values of antimony and silver fit well on their respective calculated 
lines. If this model is at all realistic, however, the horizontal axis indicates the total 
average length of time each category of object was exposed to high temperature 
oxidative conditions, either being molten, or subject to hot working. These 
predicted times range from around 2 minutes for MA 1/2 daggers, up to around 
17 minutes for MA 4/5 axes. Noticeably, the times predicted for the earlier objects 
(MA 1/2) are shorter than the later objects, consistent with the idea that later objects 
are made from recycled earlier objects and have therefore ‘accumulated’ more 
time at high temperatures, resulting in greater oxidative losses. The difference 
between the composition of axes and daggers in MA 1/2 is an important but not 
new observation. Traditionally it would be explained by selection of ore or metal 
for the specific purpose of producing either axes or daggers, despite the fact that 
the visual differences are probably too subtle to have been observable by Bronze 
Age metalworkers, although arguably the working properties might have been 
slightly different. The model presented here suggests an alternative explanation—
the starting material was broadly the same, but the manufacturing process of 
halberds, axes and daggers differed, resulting in axes being exposed to longer 
periods at high temperatures. This could be a difference between open and closed 
moulds, but could equally relate to the time spent on hot working. This case study 
is probably a rare but not unique chance to study such effects, since it comes 
from a time and place when there was only one source of primary metal, and it 
represents a relatively isolated system.
The model presented here is also consistent with the discussion in another 
section of the paper by McKerrell and Tylecote (1972, 213), where they consider 
the different compositions of halberds and the rivets associated with them. For 
practical reasons, the rivets need to be softer than the metal they hold together, so 
that they can be hammered into shape without damaging the hilt. McKerrell and 
Tylecote noticed that in a set of 12 Scottish and Irish halberds, the rivets are, with 
one exception, always lower in arsenic and antimony than the host object, but also 
that the rivets as a group do not have a standard composition. This, they suggest, 
is deliberate, and a consequence of higher volatalization of the trace elements 
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when the same material that is used to make the halberd is further worked to make 
the rivets. Thus there is no need to invoke specialized selection of material for 
halberds and rivets—it is a consequence of the process used to make the rivets, and 
is a deliberate and beneficial outcome. 
One of the strengths of this model is that it can be used to explain the composition 
of groups of copper alloy objects that are either difficult to explain or are not 
currently linked to any known ore sources. Essentially our argument is that some 
groups of metal (those with the ‘long branched complex biographies’ described in 
Chapter 2) are so mixed and recycled that they no longer carry the characteristics 
of the mine from whence they originally came. An example is a group of 66 Early 
Bronze Age British and Irish copper-alloy artefacts that have a strange chemical 
signature of mostly copper and tin, but also with low but significant levels of 
silver (between 0.1 and 1%), with all other elements absent (below 0.1%). In 
Ireland, this composition makes up a significant proportion of the assemblage in 
the second half of the EBA (c. 2000 – 1500 BCE), comprising around 10% of all 
flanged axes, for example (Bray 2009). Under the simple paradigm of connecting 
chemistry to provenance, this chemical group is difficult to interpret, as there are 
no clear chemical links to a possible source of copper ore. Allowing for shifts in 
the chemical composition as a result of post-smelt alteration, however, gives this 
group an obvious identity as being heavily recycled Ross Island metal. The more 
vulnerable arsenic and antimony present in the fresh metal have been oxidised 
away and only the more noble silver remains, as predicted by the Ellingham 
diagram and experimental results (Figures 12 and 14). The increasing frequency 
of this depleted ‘silver only’ copper type towards the end of the EBA supports 
the possibility of its Ross Island origins. The mine closed around 2000 BCE, 
and old metal was therefore increasingly recycled over the next five centuries to 
leave objects with this strange composition. If this interpretation is correct, then 
it not only explains the origin of this unusual group of copper objects, but it also 
suggests that, at least in this particular case, metal was being recycled for up to 500 
years after its original extraction.
The fact that we do not consider the levels of trace elements to be fixed within 
the metal flow is one of the major differences between our model and those that 
have gone before. It is for this reason that we refer to it as a ‘dynamic’ rather than 
a ‘static’ model. We are not, of course, suggesting that in the normal course of 
events the trace element composition of a single specific object is going to change, 
although of course a different process—selective corrosion—can and does cause 
such changes. The changes we are talking about can only occur when we consider 
the flow model, whereby the composition of the metal flow can be affected by 
mixing different stocks of metal, or in some cases by recycling and re-melting 
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material. Nor is it realistic to think of such a model in terms of single objects. As 
emphasized in Chapter 2, the model relates to assemblage properties rather than 
individual properties. 
It has been long appreciated that certain trace elements are volatile in copper 
under hot oxidizing conditions, and the work of McKerrell and Tylecote (1972) 
amongst others has suggested that these properties were known and exploited by 
ancient metalworkers. We have taken this further by suggesting that these losses 
can be used to understand more about the biography of metal, so that, rather than 
being seen as a cause for confusion in the quest for provenance, such losses are 
a vital element in understanding the relationship between humans and metal. 
The model presented here is crude in the extreme, and needs better data from 
controlled laboratory experiments to generate the appropriate rate constants for 
specific circumstances. However, the concept of incorporating such ideas into a 
broader picture of the metal flow seems to be able to explain some observations 
without the need to resort to unknown ore sources, or the selection of special 
metals for specific purposes. 
Specific issues when considering Copper Groups
Silver in lead
The theory described above makes the initial assumption that the four trace 
elements considered (As, Sb, Ag, Ni) enter the copper alloy only through being 
associated with the copper. Another way that silver can enter the alloy is by being 
associated with the lead rather than the copper, especially if the object contains 
added lead. Argentiferous galena (PbS), containing several hundred ppm of silver, 
has always been one of the richest sources of silver, and therefore any lead smelted 
from such an ore, if not de-silvered, could potentially bring significant amounts 
of silver into the object. This can easily be tested, by plotting silver vs lead in a 
particular assemblage. If there is a strong positive correlation, and the ratio of 
silver to lead is within the known range of concentrations of silver in argentiferous 
galena, then it is highly likely that the silver is associated with the lead, and not 
the copper. This is clearly an important observation, but, from the point of view 
of view of creating Copper Groups, it does not change the process, because we 
see the use of Copper Groups as being primarily a means of detecting change in 
the composition in the metal flow. It would, of course, be a mistake to seek an 
argentiferous copper source on the basis of the presence of silver in the alloy, if it 
had actually entered with the lead. Again, because our method does not make the 
assumption that the silver characterizes the copper source, we can simply assume 
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that the presence of silver is yet another marker in the life history of the flow of 
metal. Rather than being a problem, the presence of silver from lead is another 
piece of information we can use to our advantage.
Arsenic—trace element or alloying element?
Effectively the system described here treats arsenic (As) as a trace element, 
most likely entering the metal as a contaminant from the source of copper ore. 
However, it is widely accepted that arsenic was probably used as an alloying 
element, especially in the earlier stages of the western Eurasian Bronze Age, (e.g., 
Budd and Ottaway 1990) before tin became the major alloying element. It is also 
possible that antimony was used, but less frequently, as a deliberate alloying agent, 
especially in the Caucasus. Objects made from pure antimony have been reported 
from there, giving rise to the likelihood that metallic antimony was available for 
direct alloying. No metallic arsenic has ever been identified in the ancient world, 
and is not very likely because although arsenic does occur native, producing 
metallic arsenic from sulfide ores requires roasting without air. It is more likely 
that any deliberate alloying of copper with arsenic would have necessitated co-
smelting copper and arsenical ores, or perhaps the use of speiss—an iron-arsenic 
alloy deliberately produced from arsenopyrite—as an alternative means of adding 
arsenic to copper alloys: see Rehren et al. (2012). It is therefore likely that, given 
the volatility of arsenic, deliberate production of arsenical copper by co-smelting 
would have resulted in very variable alloy compositions, from more than 10% 
arsenic down to less than 1%. 
There are two points to be made here. One is that using our system it does 
not affect the interpretative process if arsenic is deliberately added (i.e., it is an 
alloying element) or is a trace element (assumed to be unintentional), providing we 
do not use the presence of arsenic as an indicator of copper ore source when it has 
in fact been deliberately added. Since our aim is primarily to characterize changes 
in the nature of the metal flow rather than to specifically track a metal back to an 
ore source, treating arsenic as a trace contaminant when it is deliberately added 
is largely irrelevant in the preliminary stages of analysis. Secondly, as described 
above and in the next chapter, the classification into presence/absence is only 
the first stage of the analysis of either trace elements or alloying elements, and 
the second stage is usually to plot the elemental profile of that element within a 
particular assemblage. This is described in more detail in the next chapters, but 
suffice to say that with arsenic (or antimony) it is often possible to say whether we 
are dealing with an assemblage containing deliberate additions of arsenic, or with 
one dominated by either an accidental inclusion of arsenic, or heavy recycling.
 
Chapter 5
Alloying Elements 
and ‘Alloy Types’
We take a similar approach to classifying archaeological copper alloys as we do 
to copper groups—a preliminary classification step based on presence/absence, 
this time of tin, lead and, if present, zinc, followed by ubiquity analysis, profiling 
and mapping. Traditionally, archaeological copper alloy types are classified using 
essentially the same definitions as used for modern alloys. These definitions (which 
are effectively production specifications) have emerged over several centuries 
as being optimum compositions for particular applications—machining alloys, 
casting alloys, corrosion resistant alloys, etc., and therefore represent compositions 
based on technological experience (Figure 1). They have the advantage that such 
definitions are widely understood, but we believe that they can hide important 
information when applied to archaeological objects. The use of these modern 
alloy definitions to describe archaeological objects implies that their alloy 
composition was deliberate and targeted at producing alloys with specifications 
that approximately correspond to modern definitions. This was clearly the case in 
some circumstances, but not in all. The chemical analyses of many archaeological 
objects do not correspond to simple modern definitions of alloys. This could mean 
that technological considerations were not the primary driver in selecting alloy 
formulations, or it could be that compositional control was not always exercised. 
For example, in modern terminology, an object is only called a ‘brass’ if it contains 
more than 8% zinc, or a ‘bronze’ if it has greater than 3% tin—in other words, if 
the level of the alloying element exceeds a value that is considered to have an effect 
on the visual or physical properties of the object and could therefore be interpreted 
as a conscious addition. Many archaeological artefacts contain alloying elements 
below such levels, and yet higher than would be expected if the sole source of such 
elements were contaminants in the copper ore sources. There has been much useful 
work recently relating the colour of the metal to the composition (e.g., Hosler 
1995, Kuijpers 2013, Mödlinger et al. 2017, Radivojević et al. 2018), which has 
important implications for understanding the question of intentionality. Although 
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we do not dispute for a moment that certain alloyed metals in antiquity were 
designed so as to achieve particular physical properties or a desired appearance of 
the finished product, it is the information contained in the ‘non-standard’ alloys that 
we particularly wish to capture by using a different approach.
 
Figure 1: 
Schematic diagram of the traditional classification system for modern copper alloys with 
lead, tin and zinc.
We have therefore adopted a presence/absence definition, in which we generally 
set the threshold of ‘presence’ at 1% for the alloying metals. Our definitions are 
shown in Table 1. Thus we would classify an alloy containing 92% Cu, 2% Sn, 2% 
Zn and 4% Pb as a ‘leaded gunmetal’ (LG), despite the fact that this composition 
does not correspond to the modern definition of a ‘leaded gunmetal’, which would 
typically have 5% each of tin, lead and zinc. Perhaps more controversially, we 
would classify an alloy consisting of 98.5% Cu with 1.5% Sn as a ‘bronze’ (B), 
or with 1.5% Zn as a ‘brass’ (BR), although neither conforms to such an alloy in 
modern terms (a modern bronze typically has 12% Sn, and a brass usually has more 
than 20% Zn). Nevertheless, we feel justified in doing so because such an approach 
tends to highlight the intermediate levels of alloying metals (above ‘accidental’ 
but below ‘designed’) which we think contain considerable information about the 
biography of the metal flow. Our argument is that if a copper alloy contains, say, 
2% Sn, then this is unlikely to be the target level of Sn (since it has little effect 
on the colour or properties), nor is it likely to be an ore contaminant, although, 
particularly in the earliest phases of the metal age, it could be a consequence of 
co-smelting specific ores (e.g., Radivojević et al. (2013). Nonetheless it signifies 
the presence of tin in the metal flow. It could signify the mixing of a tin bronze 
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(with more than c. 8% Sn) with copper metal containing little or no tin, or possibly 
just tin bronze that has been heavily recycled, since it has been shown that tin 
is lost on recycling (Godfrey 1996). There is thus considerable archaeological 
significance to this low level of tin, which would not be so easily recorded if 
modern definitions were used. It is nevertheless always important to remember the 
differences between our definitions and modern terminology. 
Code Name Chemical Definition
C Copper Pb, Sn, Zn all <1%
LC Leaded Copper Pb > 1%; Sn, Zn both <1%
B Bronze Sn >1%; Pb, Zn both <1%
LB Leaded Bronze Sn, Pb both >1%; Zn <1.%
BR Brass Zn >1%; Sn, Pb both <1% 
LBR Leaded Brass Zn, Pb both >1%; Sn <1%
G Gunmetal Zn, Sn both >1%; Pb<1%
LG Leaded Gunmetal Pb, Sn, Zn all >1%
Table 1: 
Definition of alloy types used in this work.
This system has the property of highlighting rather than hiding the presence of 
such mixed or non-standard alloys within assemblages. If a high proportion of 
an assemblage is made up of such alloys, it suggests the possibility that those 
objects may be the result of mixing metals of more than one alloy type, rather 
than of deliberate alloy design. Rather than denying the existence of ‘designed 
alloys’, however, our methodology enables us to identify them clearly when they 
do appear in the metal flow. For example, in a study of first millennium CE copper 
alloys in Britain using these definitions (Pollard et al. 2015), we clearly see the 
arrival of brass as a designed alloy into Roman Britain in the Late Iron Age and 1st 
century CE, followed by a steady decline in its ubiquity from the second century 
onwards (Figure 2a). Furthermore, we see continuity of metal circulation from the 
first century through the Late Roman period (c. 400 CE) and into the Early Anglo-
Saxon period, with a marked change occurring only in the Middle Saxon period (c. 
750 CE), which we attribute to the arrival of fresh stocks of metal from northern 
Europe. Moreover, using the ubiquity of the quaternary alloy leaded gunmetal (LG 
as defined as above) as a proxy for the amount of recycled metal in circulation, 
we have suggested that by the end of the Early Saxon period, at least 70% of the 
analysed objects contained recycled Roman metal, suggesting a period of re-use 
of at least 250 years. 
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EIA IA LIA C1AD C2AD C3AD C4AD EARLY SAXON
C 0 0 2,7 3,8 1,2 0,7 0 0,3
LC 0 0 0 0 0 0 0 0
B 72,9 73,2 27 14,6 18,5 14,9 10,3 2,4
LB 27,1 21,4 10,8 14,6 15,7 20,9 24,4 18,3
BR 0 1,8 29,7 29,1 12,9 4,7 1,3 0,8
LBR 0 0 0 1,1 0,4 0 0 0,5
G 0 1,8 18,9 20,3 26,6 18,9 14,1 2,9
LG 0 1,8 10,8 16,5 24,6 39,9 50 74,8
EIA IA LIA C1AD C2AD C3AD C4AD EARLY SAXON
No zinc 100 94,6 40,5 33 35,4 36,5 34,7 21
zinc 0 5,4 59,4 67 64,5 63,5 65,4 79
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Figure 2: 
Changes in the ubiquity of BR, G and LG over time in Roman Britain (Pollard et al. 2015).
Profiling alloy compositions
We can, however, take this methodology further, by considering the distribution 
of the concentration of alloying elements within a particular assemblage, and also 
by mapping the ubiquities of different types of alloys. For example, we can infer 
whether the bronzes in a certain region are primary alloys or contain recycled 
metal by considering the shape of the distribution of the tin concentrations 
within the assemblage. By primary, we mean that they are made to a specific 
(and therefore designed) composition, and do not contain significant amounts of 
recycled metal. Thus a unimodal approximately normal distribution of tin centred 
around a specific value (which is typically between 10 and 20%, depending on 
the quality or function of the alloy) indicates that the assemblage is likely to be 
made of a primary alloy (e.g., Cuénod et al. 2015; Hsu et al. 2016). In contrast, 
‘secondary’ alloys tend to have a wider spread of values, often with a distribution 
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which tends to increase as it approaches zero. This is potentially indicative of a 
recycled alloy, where copper and bronzes of different tin levels have been mixed 
together. These two situations are shown in Figure 3. The metal objects from Fu 
Hao’s tomb in Anyang (the only unrobbed royal Shang tomb so far discovered) 
show a highly symmetric distribution of tin centred on 15–18%, indicative of a set 
of objects made from a primary alloy, whereas those from multiple tombs in the 
Western Area of Anyang show a preponderance of objects with low tin (<6–9%), 
with some potentially primary objects showing as peaks at higher tin values (Li 
1982, Li et al. 1984). The implication here is that some, at least, of these objects 
have lower tin contents, perhaps as a result of recycling or dilution, indicating 
secondary alloys. Further discussion of comparing the profiles of alloying elements 
in different assemblages is discussed below.
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Figure 3: 
Comparison of the tin profiles of a) an assemblage consisting of ‘primary’ alloy (from Fu Hao’s 
tomb, Anyang) and b) an assemblage of secondary alloys (from the Western Area of Anyang) 
(Liu 2016, Fig. 211, based on data from Li (1982) and Li et al. (1984))
a)
b)
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Figure 4: 
Tin distribution in bronze objects assigned to a) CG2 and b) CG14 for Period 1 (early third to 
mid-second millennium inclusive) in Mesopotamia (Cuénod et al. 2015).
The utility of profiling the distribution of alloying metals (most commonly tin) 
within an assemblage can be further demonstrated by combining this profiling with 
the allocation of the objects to copper groups. This can reveal specific patterns of 
behaviour within the metal flow. For example, Cuénod (2013) used the analyses 
of around 5000 metal objects from the Bronze Age and Iron Age of Iran and the 
Near East to study the way in which tin was used and circulated in this region. 
Two profiles of tin in the bronzes from Mesopotamia dating from the early third 
to the mid-second millennia BCE (Period 1 in her terminology) were produced 
—one for objects allocated to CG2 (Cu + As), and one for CG14 (Cu + As, Sb, 
Ni) (Figure 4). Two very different profiles can be seen: for CG2 (Fig. 4a), the tin 
content presents a nearly symmetrical unimodal distribution with a mode around 
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8–10%. For CG14 (Fig 4b), the tin contents show a distribution skewed towards 
much lower values (2 to 5% Sn). The primary distribution of tin in the CG2 objects 
from Mesopotamia suggests that there was little mixing, re-melting, or secondary 
alloying occurring after the alloying process, as this would result in a wider and 
less regular range of tin compositions. Since Mesopotamia did not produce tin, 
the addition of tin at a late stage in the life of this copper group could either mean 
that Mesopotamia imported copper and tin separately and alloyed the metal once 
there, or that they imported a fairly standard pre-alloyed bronze and did not alter 
it after importation. In contrast, the tin content of objects made using copper of 
CG14 shows a typical ‘secondary’ profile, suggesting that these objects were made 
with less control of the tin content, which might be indicative of recycling. We 
can imagine that this copper was not the subject of an organised trade but reached 
Mesopotamia as copper and pre-alloyed bronze objects, perhaps as down-the-line 
trade or in events of booty-taking, and was subsequently treated as scrap material 
and recast to suit the Mesopotamian taste. 
Mapping alloys
Figure 5 shows a distribution map of the tin concentration in bronze assemblages 
from Azerbaijan, Amlash, Luristan and Mesopotamia between the late second and 
mid-first millennium BCE (Cuénod et al. 2015). 
The Mesopotamian tin profile is similar to that shown for CG14 in the earlier 
period in Figure 4, suggesting recycling and an overall paucity of tin. It contrasts 
greatly with the other three profiles from western Iran (Luristan and Amlash) and 
Azerbaijan, which show a primary signal, suggesting that tin was easily available 
in these areas. It is tempting to infer the presence of one or more tin sources in 
western Iran or eastern Anatolia from these observations. The existence of the tin 
mine at Deh Hosein in Luristan provides a potential source for the presence of tin, 
at least in Luristan (Nezafati et al. 2009).
Mapping the types of alloys used in specific regions can show large-scale 
patterns of metal circulation, as was done by Hsu (2016) in his study of the flows 
of copper and copper alloys in the Early Iron Age societies of the eastern Eurasian 
steppe and northern China. Figure 6 shows the ubiquity of different classes of 
alloy in different regions across southern Siberia, Mongolia and into China. The 
size of each circle reflects the number of analyses within each assemblage.
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Figure 5: 
Distribution of the tin concentration in assemblages from Azerbaijan, Amlash, Luristan and 
Mesopotamia between the late second and mid-first millennium BCE (Bray et al. (2015), 
redrawn from Cuénod et al. (2015)). 
Figure 6: 
Alloy Types in East Asia – 1st Millennium BCE (Hsu 2016).
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There is clearly a distinctive difference between the alloys used in Siberia and 
Mongolia and those in Central China. The former assemblages are dominated by 
either unalloyed copper, copper-arsenic alloys (see previous chapter for a discussion 
of Cu-As alloys), or tin bronzes, whereas Central China is almost exclusively 
made up of the ternary alloy leaded bronze (Cu + Sn + Pb). The interesting part 
of this diagram is the area shaded in dark grey—a region known as the ‘Arc’, 
which effectively forms the border between Central China and the Steppe (Tong 
1987). The alloys used in this region are also almost exclusively leaded bronze, 
corresponding to the tradition in Central China rather than the Steppe. The metal 
objects found here, however, are almost exclusively ‘Steppe-style’—knives, horse 
fittings and items of personal adornment—raising the question of why such Steppe 
style objects in this border region are made to an alloy recipe from China rather 
than the Steppe. Since a few objects of unquestionable Central Plain origin are also 
found here, it is possible that metal was imported, looted or gifted from China, and 
re-made into Steppe-style artefacts. The fact that the Chinese objects are mostly 
ritual bronzes designed for a ritual which was not shared by Steppe people might 
support the hypothesis that such objects were re-purposed by making new objects 
on arrival in the Arc (Rawson 2015). An alternative possibility is that the concept 
of alloying was adopted from China in the form of a ‘recipe’, but was used to make 
objects of local style.
A further example of mapping alloy compositions, but on a finer scale, and 
using a different methodology, is shown in Figure 7. This shows the average value 
of tin in the metal assemblages for a range of sites across the European Circum-
Alpine region during the first part of the Early Bronze Age (Perucchetti 2017). The 
interesting feature is a line running northwest to southeast across the Alps towards 
the western end, which we have termed the ‘tin line’. To the west of this line, most 
of the sites have a high average value of tin, whereas to the east the averages are 
lower—generally below 1.5%. This suggests that the idea of tin bronze entered the 
Alpine region from the west rather than the east, and at this time did not cross the 
‘tin line’. Equally interesting, it also shows that the Alps themselves did not create 
a north-south barrier—tin is present in the north and south of the ‘bronze’ region, 
and is equally low north and south in the eastern region. This line must therefore 
represent a ‘cultural barrier’ to east-west movement.
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Figure 7: 
Plot of the mean value of the tin concentration in objects from various sites in the Circum-
Alpine region of Europe at the beginning of the Early Bronze Age (c. 2200–2000 BCE). The 
average values are coloured on a scale of <1.5% Sn to 12–19% Sn (Perrucchetti 2017, fig. 95).
A major advantage of our methodology with regard to both trace elements and 
alloying is that it allows us to consider the circulation of copper independently 
from what it is alloyed with. There has been a general tendency in previous studies 
to assume that alloys are immutable once formed (i.e., a tin bronze will always 
be a tin bronze). We make no such assumptions. We can imagine copper being 
alloyed and re-alloyed any number of times, perhaps in ‘consumer’ regions rather 
than in primary metal-producing areas. In our methodology we can continue to 
discuss the underlying copper chemistry (via copper groups) regardless of whether 
it is in the form of pure copper, or a leaded bronze, etc. This allows us to compare 
flows of different alloys in terms of their underlying copper chemistry (i.e., to 
think about whether different alloys are coming from the same copper source), and 
also to distinguish between the circulation of pre-alloyed metals and the practice 
of alloying (or re-alloying) in the consumer society. In effect, it is a powerful new 
tool which allows us to ask fundamental questions about the concept of alloys, and 
the roles and identity of alloyed metal in society.
To illustrate this, Figure 8 shows some of the results of our re-interpretation 
of a small set of Qing dynasty coins (n = 38), taken from a study of Chinese 
copper alloy coinage, using in this case the chemical analyses by Wang et al. 
(2005, Appendix 1, p. 89). These data represent copper coinage of the early to 
middle Qing dynasty (c. 1644–1796 CE), and are chosen because they are well 
dated within this period. 
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Figure 8: 
Correspondence between copper groups and alloy types in Qing dynasty Chinese copper 
alloy coinage. 8a) The ubiquity of coins classified as Brass (BR), Leaded Brass (LBR) and Leaded 
Gunmetal (LG); 8b) CG2 and BR (Brass, Cu + Zn (>1%)); 8c) CG14 and LG (Leaded Gunmetal, 
Cu+ Sn (>1%) +Zn (>1%) + Pb (>1%)).
Although the numbers are small, Fig. 8a shows a remarkable switch in alloy type, 
from LG (leaded gunmetal: Cu + Sn + Pb + Zn, all >1%) during Shunzhi (1646–
1653 CE) and early Kangxi (1682–1683/4) to BR (Brass, Cu + Zn (>1%) and LBR 
(Cu+ Sn (>1%) +Zn (>1%) + Pb (>1%) during the middle and later Kangxi period 
(1684–1723) and Yongzheng (1723–1736). From the beginning of Qianlong’s 
reign (1736) there is a return to LG. What is more interesting, however, is the 
combination of these changes in alloy type with the copper group information for 
the same coins. Figure 8b shows a strong coherence between BR (Brass: Cu +Zn) 
and CG2 (Cu + As), and Fig. 8c shows partial coherence between the alloy LG 
Beyond Provenance126
and CG 14 (Cu + As, Sb and Ni, all >0.1%)—partial because in the early period 
they track each other closely, but diverge in Qianlong’s reign. This shows that the 
appearance of brass coinage is closely associated with the use of copper containing 
only arsenic as the major impurity, which becomes the dominant coinage alloy in 
the later Kangxi and Yongzheng period (c. 1684–1736 CE). It is preceded, and 
also replaced, by a leaded gunmetal alloy which in the early period is strongly 
associated with copper classified as CG14 (Cu + As, Sb, Ni), but in Qianlong’s 
reign, although the use of leaded bronze returns, it is no longer associated with 
CG14.
Further work and much more trace element data are required to understand the 
full implications of these correlations, but it would suggest that there is a close 
relationship between the alloy and the type of copper used. This could indicate 
that the alloy types used in Qing copper alloy coinage came to the mint from 
different sources, each using a different sort of copper. Although our database 
of Chinese copper coin compositions from several sources now contains several 
thousand analyses, dating from the Eastern Zhou to the late Qing, unfortunately 
only a minority of these analyses include trace element data.
The emergence of alloying
The origins of alloyed copper, especially tin bronze, have been studied and discussed 
by scholars for more than a century (e.g., Sullivan 1873, Smith 1935, Partington 
1936), and there has been much consequent speculation about the sources of tin 
for the Bronze Age Mediterranean and Near East (e.g., Dayton 1971, Crawford 
1974, Olin and Wertime 1978, Cleziou and Berthoud 1982, Muhly 1985). The aim 
of the discussion here is not to reconsider the evidence for identifying the time or 
place of the origins of alloying, nor particularly about the source of tin, but to think 
more about the spread of alloying as a practice across Eurasia.
The term ‘alloy’, and, more specifically, ‘deliberate alloy’, carries many 
implications which are somewhat complicated to interpret in an archaeological 
context, because they relate to understanding the intentionality of the metalworkers. 
The term alloy is of course adopted from modern materials science, and is taken 
to mean a mixture of metals which is designed to improve the physical or visual 
properties of the material. An important observation, apparent to anyone who has 
studied the chemical composition of Bronze Age metalwork, is that not all ancient 
compositions correspond to modern alloy definitions. Hence, as discussed above, 
we have adopted a more flexible approach to the definition of alloys, rather than 
simply applying modern definitions, and thereby implicitly assuming that ancient 
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metalworkers were somehow groping towards modern alloy compositions. A key 
question in terms of determining intentionality is to learn at what point the alloying 
process happened within the metal production process. Knowing this would help 
us not only to understand the degree of control possible in producing alloys, but 
would also give us some insights into how alloyed metals were understood in the 
Bronze Age. In literate societies, considerable information on this later point can 
be obtained by studying the names used for the different metals and alloys (e.g., 
Bertholet 1888, Lepsius 1877), but for most of Eurasia this is not possible. 
In modern metallurgical practice, alloying can easily be achieved by melting 
together weighed quantities of the alloying metals (allowing for predictable losses) 
so as to produce the targeted composition. This could certainly also have occurred 
in antiquity, especially with tin and lead, which potentially have been available 
as separate metals, and needed to be added in easily measured quantities of the 
order of 10–20% by weight. However, particularly in the case of alloys of arsenic 
and antimony, it may not have happened like this, because metallic arsenic was 
unknown, and metallic antimony was rare. Even if these metals were available, 
the quantities needed to create an alloy (up to a few percent) might suggest that 
direct mixing was unlikely. The addition of zinc to produce brass was definitely 
more complicated, because, as with arsenic, metallic zinc was largely unknown 
in antiquity and is also volatile, requiring special conditions to produce the alloy 
(Pollard et al. 2017b, 250–255). 
It is possible that the desired alloys were obtained directly by smelting specific 
polymetallic sulfide ores, defined in modern parlance as a mineral deposit with 
three or more metals in commercial quantities, commonly including Cu, Pb, Zn, 
Fe, Mo, Au, and Ag. Plausibly, as has been argued by Radivojević et al. (2013) 
for the Balkans, some form of co-smelting of such ores may have been the way 
in which alloying copper with tin was first discovered. An alternative route for 
certain regions may have been the smelting of secondary deposits from oxidized 
tin sources, which can produce copper-rich minerals such as mushistonite (Cu, Zn, 
Fe2+)[Sn(OH)6], the type site of which is Mushiston, in Tajikistan. Such secondary 
minerals are green, and it possible that in the early stages of copper smelting they 
were mistaken for pure copper minerals (such as malachite, Cu2CO3(OH)2), but, 
when smelted, would have produced a natural tin bronze. 
Apart from the single smelt of such a natural mixed ore, it is also possible to 
produce alloys by co-smelting ordinary copper ores with selected ores containing 
the required elements. Equally, the re-smelting of already smelted copper with 
ores containing the alloying metal could produce an alloy. In such cases, there is 
clearly an intention to produce a metal with desired properties, but they are not 
best described as ‘alloying’ in the modern sense of the word. They are practices 
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that are more related to the experience of the smelter, who would not have known 
the chemistry of the ores, but would have known that ores from certain places, or 
particular mixtures of ores from specific places, produced metals with particular 
characteristics. This is another case where the unquestioning application of modern 
terminology can hide the true nature of the process, and also the intentions of the 
ancient metalworkers. A final route to an alloy would be the mixing of metals, 
some of which might contain a percentage of alloying metals. In such cases, the 
alloying metal(s) would be diluted, and might have little effect on properties or 
appearance. This could indicate recycling, as well as the absence of intention to 
produce an alloy, and is perhaps the reason why many archaeological alloys have 
intermediate compositions.
Such considerations are especially important when considering alloys of copper 
with arsenic and antimony, but this is complicated by the volatility of arsenic (and 
to a lesser extent of antimony). As with tin and lead, copper intentionally alloyed 
with arsenic or antimony (probably by co-smelting copper- and arsenic-ores, or by 
smelting polymetallic sulfides) should show a dominant peak in the distribution at 
a measurably high value—probably greater than 3–5%—but with a tail towards 
lower values caused by the largely uncontrollable losses due to volatility. A 
distribution dominated by lower values close to zero but with few higher values 
is more likely to be the result of accidentally smelting ores containing arsenic 
or antimony rather than a deliberate intention to produce arsenical or antimonial 
copper. We must also note that, as shown in the previous chapter, arsenic and, to 
a lesser extent, antimony, are volatile if copper is heated in oxidizing conditions, 
meaning that any subsequent re-melting may lower the concentrations of arsenic and 
antimony. 
We can use the FLAME database to look for ‘hotspots’ across Eurasia in the 
use of alloys containing significant amounts of arsenic. Figure 9 shows that there 
are a limited number of regions (plotted as 10 WGS84 grids) where the ubiquity 
of objects containing >1% arsenic is greater than 50%. These include Iberia, the 
Caucasus into central Asia and the region around the Altai Mountains, which 
would highlight these areas as being those where Cu-As alloys may have been 
deliberately produced. It must be remembered, however, that the database is not 
yet complete, and that this figure shows all periods.
Similarly, by mapping the ubiquity of tin bronzes within regional assemblages, 
it is possible to chart the development and spread of the use of tin bronze, and even 
to indicate where the tin itself might be coming from. Figure 10 shows tin ‘hot-
spots’ focussed on western and central Europe, Afghanistan and the Caucasus, 
and China. The first three are well-known locations for tin mines, and China 
must also have had a major source of tin. A similar figure for lead (Figure 11) 
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shows, however, that China is almost unique for focussing on leaded bronze as 
the primary alloy.
 
Figure 9: 
Distribution of sites across Eurasia showing the ubiquity of alloys with >1% arsenic (FLAME 
database).
It is possible to use the same data as shown in Figure 10 to look for the early 
locations of the widespread adoption of tin bronze and its subsequent spread, by 
plotting the ubiquity of tin bronze on a series of time resolved maps (Figure 12). 
(We cannot look for the earliest, because these occur in the Late Neolithic or 
Eneolithic levels in the Balkans and perhaps elsewhere, and as such have not been 
captured within the FLAME database). From the data we have assembled so far, 
this shows the earliest focus (c. 3500 BCE) to be in Anatolia and the Danube 
basin, with some examples in central France. Between c. 3500 and 3000 BCE 
this spreads to Germany and some other parts of western Europe, but by c. 3000–
2500 BCE the focus shifts dramatically to the Atlantic coast of Europe, potentially 
signalling the beginnings of the exploitation of Cornish tin. Some occurences are 
also seen around the Urals and northern Kazakhstan. The picture is unchanged 
until c. 2500–2000 BCE, when the southern Urals emerge as a strong focus for tin 
bronze. By c. 1500–1000 BCE, this focus moves eastwards towards the Altai and 
southern Siberia, and also China emerges as a major centre. This picture is certain 
to evolve as more data and better chronologies are included, but it illustrates the 
power of mapping the ubiquities of the various alloys.
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Figure 10: 
Distribution of sites across Eurasia showing the ubiquity of alloys with >1% tin (FLAME 
database).
 
Figure 11: 
Distribution of sites across Eurasia showing the ubiquity of alloys with >1% lead (FLAME 
database).
It is worth noting that, even if, as may be the case, these ‘hot-spots’ do not exactly 
coincide directly with known tin sources, they do give us information about where 
tin bronzes were actually being used, from which we can infer the social context 
in which this was occurring, and which objects were preferentially being made of 
bronze. This may be at least as important as knowing where the tin itself comes from. 
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It is obviously also important to look at the adoption of tin bronze on a finer scale 
in specific regions, and also not to just look at the timing of the spread of the alloy, 
but also at the uses to which it was first put. This was done for Iran and adjacent 
regions by Cuénod (2013), and is being done for a wider area of Western Asia by 
Howarth (forthcoming). Figure 13 (Cuénod et al. 2015) shows the ubiquity of 
tin bronzes in all Iranian objects as a function of date, from the 5th to the mid-1st 
millennium BCE. We have used our definition of tin bronze (i.e., Cu + Sn >1%, 
Pb and Zn <1%), but in this figure we have also varied the cut-off for tin, using 
Figure 12: 
A series of time slices for the ubiquity of tin bronze (Sn >1%) across Europe. a) c. 3500 BCE; 
b) c. 3500–3000 BCE; c) c. 3000–2500 BCE; d) c. 2500–2000 BCE; e) c. 2000–1500 BCE; f ) c. 
1500–1000 BCE (FLAME database).
a) b)
c) d)
e) f )
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0.5%, 1% and 2%, showing that the overall pattern is largely insensitive to the 
choice of cut-off. This shows that although tin starts to enter the alloying system 
in significant quantities during the mid-3rd millennium BCE, it does not become 
the dominant alloy until after the mid-2nd millennium, and becomes the almost 
universal copper alloy only during the Iron Age (late 2nd–early 1st millennium 
BCE).
0,50% 1% 2%
5th 1 1 1
Early 4th 5 1 1
Mid 4th 0 0 0
Late 4th 2 1 0
Early 3rd 8 4 2
Mid 3rd 14 11 10
Late 3rd 24 18 17
Early 2nd 65 52 46
Mid 2nd 53 48 42
Late 2nd 88 86 85
Early 1st 93 92 89
Mid 1st 72 72 72
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
5th  Early 
4th  
Mid 
4th  
Late 
4th  
Early 
3rd  
Mid 
3rd 
Late 
3rd  
Early 
2nd  
Mid 
2nd 
Late 
2nd  
Early 
1st  
Mid 
1st 
U
bi
qu
ity
 (%
) 
Millennium BCE 
0.50% 
1% 
2% 
Figure 13: 
Ubiquity of tin bronze in Iran over time, for different cut-off values of Sn (Cuénod et al. 2015, 
fig 4).
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Fig 14: 
Ubiquity of tin bronze in different regions within Iran over time (Cuénod 2013, fig. IV-3, p. 
161). Sn cut-off set at 2%.
In her thesis, Cuénod (2013) explored the spread of tin bronze into Iran on 
a regional basis (Figure 14). This shows that most regions within Iran follow 
the general pattern outlined above, but in one region (Luristan) the arrival of tin 
bronze, although transient, was considerably earlier than elsewhere. The role of 
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Luristan (and possibly Deh Hossein) in the supply of tin was discussed above 
(Figure 5), but the clear implication is that Luristan exploited a local source of tin 
earlier than the rest of Iran.
In terms of the first use to which tin bronze was put, Cuénod (2013) divided up 
the objects from Iran into broad functional categories (weapons, tools, ornaments 
and vessels, the latter not plotted because there are too few). Plotting the ubiquity 
of tin bronzes over time by category showed little variation in the adoption of tin 
bronze across these categories (Figure 15a). In contrast, the same analysis for 
Mesopotamian objects strongly suggests that tin bronze was first used for vessels 
(Figure 15b). Because the use of tin bronze for tools and weapons came later, this 
would suggest that the property most desired in tin bronze in Mesopotamia was 
the colour for display, rather than any considerations of the physical properties of 
the alloy.
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Fig 15: 
Ubiquity of tin bronze in a) Iran and b) Mesopotamia over time, broken down into broad 
functional categories (Cuénod et al. 2015, fig 6).
a)
b)
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Alloy profiles, cumulative frequency distributions and ‘regional 
alloying practices’
Figure 3 (above) shows a simple example of comparing the distribution of tin in 
two Chinese Shang dynasty assemblages—that of Fu Hao’s tomb, and the tombs 
in the Western Area of Anyang (Liu 2016), showing a distinct difference in the 
profiles. Normally the distributions of alloying elements in different assemblages 
are compared simply by using histograms of the raw data. These can take the 
form of a sequential ranked set of bar charts of the alloy content in each object, or 
more commonly as histograms of the number of objects whose alloying element 
concentration falls within a particular range of compositions (the ‘bin width’). In 
order to make the comparison between assemblages of different sizes easier, we 
usually convert the number of objects in each ‘bin’ into a percentage of the total 
number of objects in the assemblage. Normally, as in Figure 3, we tend to present 
these as distribution profiles by drawing a line joining the tops of each bar in the 
histogram, usually displaying only the line and not the bars (a skyline plot). An 
example of the lead concentration in a range of Chinese, Mongolian and Eastern 
Siberian assemblages is shown in Figure 16, in which, for example, the number 
of objects from Minusinsk containing <1% Pb is approximately 97% of the total 
number in the Minusinsk assemblage. Almost none of the Minusinsk objects have 
more than 7% Pb, whereas only 27% of the Central Chinese objects contain less 
than 1% Pb, and approximately 27% have more than 10% Pb. 
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Figure 16: 
Comparison of lead distribution in a range of East Asian metal assemblages dated to the 
second half of the second millennium BCE (after Hsu 2016). 
It is clear from this figure that there are different patterns of lead addition according 
to region, at least as represented by the available assemblages. In this example, we 
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might reasonably conclude that there are similarities between the practices of lead 
addition in Mongolia, Baikal and the Minusinsk basin, and that these differ from 
those used in Central China and North China (Hsu 2016, 228–230). 
However, it is difficult to go beyond a simple visual comparison using these 
curves because:
 i) histogram presentation is always subject to arbitrariness in the choice of bin 
width and interval;
 ii) differentiating between two profiles is essentially subjective. In particular, 
there is no allowance for the influence of different sample sizes when comparing 
curves.
The ‘bin-width’ issue in histogram presentation is well-known. There is no infallible 
rule for choosing the number and width of bins, but there are several ways of 
calculating the most appropriate number for particular datasets, depending on the 
number of samples in the distribution. The simplest ‘rule of thumb’ is to say that 
the number of bins should be the square root of the number of data points. Thus 
an assemblage containing 100 objects should be plotted on a histogram with 10 
equal bins, which must cover the entire range of values. In Figure 16 above there 
is another issue, in that each region is represented by a vastly different number of 
objects (from 35 for Mongolia up to 645 for Central China), and hence the optimal 
bin width will differ between regions. In such a case, the only practical course of 
action is to calculate the bin width from the dataset with the lowest number of 
objects and use this for all the distributions. 
The visual effect of the choice of bin width is illustrated in Figure 17. The data 
presented are a simulated dataset of 100 objects containing tin between 0 and 3%. 
Figure 17a shows the allocation of objects to bin, for two different bin widths of 
0.1% and 0.3%. As would be expected, the distribution at 0.1% bin width shows 
more detail in terms of fluctuations and gaps in the data, whereas the 0.3% bin 
width shows a smoother and more continuous distribution. According to the rule 
of thumb described above, the optimal number of bins for these data is 10, so the 
0.3% bin width should be regarded as the most useful presentation. Figure 17b 
shows the effect of presenting these same histograms in the form of a skyline 
plot, in which the tops of each column are simply joined up. It is clear from these 
two figures that the choice of bin width can have a significant effect on the visual 
appearance of the histogram, and hence on the impression we take away from the 
distribution of the data. In Figure 17b, for example, the 0.3% bin presentation 
gives a strong impression of a preponderance of the data falling into the lowest bin 
(0–0.3%), plus two ‘peaks’ around 0.9–1.2% and 1.5–1.8%, which are less easy to 
appreciate in the 0.1% bin data.
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Figure 17: 
Histogram of same dataset with a) bin width of 0.3% and c) bin width 0.1%. Skyline plots of 
same data at b) 0.3% and d) 0.1% bin widths.
Cumulative Frequency Distribution Functions and the  
Kolmogorov-Smirnov Test
An alternative way of presenting the distributional data of alloying additions to 
copper is to calculate the cumulative frequency distribution functions (CDF). This 
is calculated from the elemental histogram profiles, such as those shown in Figure 
17, simply by starting from the left hand side and replacing the number of counts 
in each individual column with the sum of counts in that column plus all previous 
columns, and expressing the total as a percentage of the total number of samples. 
The CDF curve is then plotted on the same axis as the original histogram, showing 
a profile of how the data accumulate from zero up to the maximum percentage 
represented. An example is given in Figure 18, where the left hand vertical axis 
relates to the histogram (blue) presentation and is the number of objects per bin, 
and the right is the proportion of the total assemblage, relating to the CDF (red). 
Following on from the discussion of the effect of different bin-widths on the 
appearance of histograms in the previous section, Figure 19 shows the CDFs for 
the simulated data allocated to two different bin widths presented in Fig 17a. The 
CDFs for the same data but at two different bin widths are virtually identical, 
showing that this form of presentation is much less susceptible to distortion by the 
selection of bin width than is the conventional histogram. 
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This form of presentation also has the major advantage that it allows two 
distributions to be statistically compared using the Kolmogorov-Smirnov (KS) 
test, which assesses the probability that two distributions could have been drawn 
at random from a single parent distribution. The observed difference is unlikely to 
have occurred by chance if the KS test statistic exceeds a calculated critical value, 
and under these circumstances the two distributions can therefore be considered to 
be significantly different from each other. 
Bin Frequency Cumulative %
1 175 27,13%
4 195 57,36%
7 99 72,71%
10 38 78,60%
13 41 84,96%
16 22 88,37%
19 15 90,70%
22 22 94,11%
25 15 96,43%
28 7 97,52%
More 16 100,00%
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Figure 18: 
An example of the cumulative frequency distribution function: histogram and cumulative 
frequency distribution function for the Pb content of Central Chinese bronzes as shown in 
Figure 16 (FLAME database, after Hsu 2016).
Cum 0.1 0.3 cum
0-0.1 22 0-0.3 30
0.1-0.2 28 0.3-0.6 34
0.2-0.3 30 0.6-0.9 44
0.3-0.4 30 0.9-1.2 60
0.4-0.5 32 1.2-1.5 70
0.5-0.6 34 1.5-1.8 86
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Figure 19: 
Cumulative frequency distribution function of simulated data in fig. 17. The blue line is for a 
bin width of 0.1% and green for 0.3%. 
%Sn
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In order to demonstrate this methodology and the application of the KS test, 
we give a worked example. We (and many others) have studied the patterns of 
continuity and change between the composition of Chinese Shang (c. 1600–1046 
BCE) and Western Zhou (1046–776 BCE) bronzes – in particular in the practice of 
adding lead (e.g., Pollard et al. 2017a). Figure 20 shows the cumulative frequency 
distributions of lead in bronzes during the Anyang period of the Shang dynasty 
(c. 1200–1046 BCE), separated into the four chronological phases identified at 
Anyang, namely Yinxu I to IV (Jin et al. 2017).
Bin Yinxu I Yinxu II Yinxu III Yinxu IV
1 0,25 0,45 0,04 0,02
3 0,50 0,66 0,17 0,18
5 0,75 0,76 0,33 0,24
7 0,88 0,89 0,42 0,40
9 0,88 0,92 0,54 0,40
11 0,88 0,95 0,60 0,46
13 0,88 0,97 0,63 0,54
15 0,88 0,99 0,67 0,56
17 0,88 0,99 0,71 0,66
19 0,88 0,99 0,75 0,72
21 1,00 0,99 0,83 0,76
23 1,00 0,99 0,85 0,82
25 1,00 1,00 0,88 0,86
27 1,00 1,00 0,92 0,86
29 1,00 1,00 0,94 0,90
More 1,00 1,00 1,00 1,00
n= 8 102 48 50
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 More 
C
um
ul
at
iv
e 
fr
eq
ue
nc
y 
Pb % 
Yinxu I (n=8) Yinxu II (n=102) Yinxu III (n=48) Yinxu IV (n=50) 
Figure 20: 
Cumulative frequency distribution for lead in the Shang Anyang period, divided into Yinxu 
phases I–IV (Data from Zhao 2004). Vertical lines between curves show points of maximum 
difference between YI and YII, YI and YIII, and YIII and YIV.
There appear to be two different patterns within these data, namely that Yinxu 
phases I and II are similar, as are Yinxu III and IV, but these two patterns are 
different from each other. The Kolmogorov-Smirnov test allows us to test whether 
these apparent differences are more than might be expected by chance, given the 
different number of samples in each period. The first step is to tabulate the data 
shown in Figure 20 (Table 2), which then allows the maximum differences between 
any two distributions to be simply calculated. The differences are measured 
vertically between equivalent points on each curve, and represent the maximum 
difference between two distributions for any fixed value of lead concentration.
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Bin Yinxu I Yinxu II Yinxu III Yinxu IV D (YI-Y2) D (YIII-YIV)D (YII-YIII)
1 0.250 0.451 0.042 0.020 -0.201 0.022 0.409
3 0.500 0.657 0.167 0.180 -0.157 -0.013 0.490
5 0.750 0.765 0.333 0.240 -0.015 0.093 0.431
7 0.875 0.892 0.417 0.400 -0.017 0.017 0.475
9 0.875 0.922 0.542 0.400 -0.047 0.142 0.380
11 0.875 0.951 0.604 0.460 -0.076 0.144 0.347
13 0.875 0.971 0.625 0.540 -0.096 0.085 0.346
15 0.875 0.990 0.667 0.560 -0.115 0.107 0.324
17 0.875 0.990 0.708 0.660 -0.115 0.048 0.282
19 0.875 0.990 0.750 0.720 -0.115 0.030 0.240
21 1.000 0.990 0.833 0.760 0.010 0.073 0.157
23 1.000 0.990 0.854 0.820 0.010 0.034 0.136
25 1.000 1.000 0.875 0.860 0.000 0.015 0.125
27 1.000 1.000 0.917 0.860 0.000 0.057 0.083
29 1.000 1.000 0.938 0.900 0.000 0.038 0.063
More 1.000 1.000 1.000 1.000 0.000 0.000 0.000
n= 8.000 102.000 48.000 50.000
D 0.201 0.144 0.490
Dcrit 0.367 0.202 0.175
Same Same Different
Table 2: 
Tabulated cumulative frequency data for lead from Figure 20.
The KS test statistic is calculated from the maximum absolute difference (D) 
between the two distributions for all values of x (absolute difference means that we 
ignore the positive or negative nature of the difference, and just take the number). 
From Table 2, the maximum absolute difference D between the distributions for 
Yinxu I and II is 0.201 (column labelled ‘D (YI–YII)’, maximum value shown 
in red). In order to test whether this difference D could have been obtained by 
chance, it is tested against a critical value (Dcrit), which depends on the number of 
samples in each distribution (n1 and n2), and is given by:
where c(a) depends on the level of confidence required (normally 95%, in which 
case c(a) is 1.36). In this example, n1 = 8 and n2 = 102, and so Dcrit is 0.367. Since 
the observed maximum difference between Yinxu I and II (0.201) is less than the 
critical value (0.367), it is likely that the distributions for Yinxu I and II differ just 
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by chance, and the difference is therefore not significant. We can thus conclude 
that, as might be expected, the Pb profiles in bronzes from these two periods are 
the same, and therefore that the lead alloying practices of Yinxu I and II periods 
are indistinguishable, based on the available data. In fact, in this example, the 
value of Dcrit is unusually high, because one of the distributions contains only 
eight samples. Normally we would expect to use much larger numbers of objects 
in each distribution—ideally, with n1 ≈ n2 > 50.
Following the same procedure, Yinxu III and IV can be shown to be 
indistinguishable (D = 0.144, Dcrit = 0.202), but Yinxu II and III are demonstrably 
different, since D > Dcrit (D = 0.491, Dcrit = 0.175). Thus there is a change in lead 
alloying practice between Yinxu phases I and II and Yinxu phases III and IV, which 
corresponds to higher levels of lead being used in Yinxu III and IV. Although this 
difference has been noted before from the raw histograms by other authors (e.g., 
Li 1982; Li et al. 1984; Liu et al. 2007; Zhao 2004; Zhao et al. 2008), we suggest 
that the cumulative frequency diagrams show these differences more clearly, and, 
crucially, allow the significance of such differences to be statistically tested.
It is obvious, however, that the differences we have shown between Yinxu I 
and II and Yinxu III and IV strictly only apply to the samples represented in the 
assemblage, not to all the objects produced or recovered during these periods. 
If the samples selected are not representative of the parent population, then the 
conclusions drawn are likely to be suspect. This is not, of course, a problem 
unique to the process described here—it is applicable to any work carried out 
on archaeological metals, and, indeed, more generally in all of archaeology. The 
samples used here are, at best, a biased sample of a biased sample of a biased 
sample from an unknown parent population! The unknown parent population 
consists of all the metal objects produced at Anyang during, for example, the 
Yinxu I period. The three levels of bias referred to depend on: 
 i) the objects which entered the archaeological record during Yinxu I, which is 
likely to be a small and unrepresentative sample of what was available;
 ii) the objects recovered archaeologically from Anyang dating to Yinxu I, 
which depends on factors such as where the archaeologists choose to excavate, 
and
 iii) the objects selected for chemical analysis from those excavated, which 
depends on availability and the interests of the analysts in terms of object 
typology. 
If we knew what the parent population ‘demography’ was (i.e., the total number 
and type of all objects produced), then we could apply a correction to some of 
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these biases, as is done with modern opinion poll data, but of course we do not. 
The best we can do is to be aware of their existence, and take what steps we can to 
minimise them, largely by ensuring that the samples included in the assemblages 
are as well-controlled as possible typologically and contextually. In practice, what 
this means is that when carrying out comparisons of the type illustrated above, we 
must explicitly justify the selection of samples in each assemblage in terms of how 
they directly address the specific archaeological question being asked.
Regional alloying practice
Keeping in mind the above concerns, we can, however, take the use of CDF’s one 
stage further by suggesting that they might be regarded, under certain circumstances, 
as a reflection of the ‘alloying practice’ or ‘alloying tradition’ in a region (Pollard 
et al. 2018b). By this we mean the range of copper alloy compositions typically 
produced by the casting foundries within a defined region and period. This is 
similar to the idea of ‘metallurgical focus’ introduced by Chernykh, and defined 
by him as “a region where similar metals and metal artifacts were produced 
professionally by a distinct group of skilled craftsmen” (Chernykh 1992, 7). 
We can perhaps think of the regional alloying practice as representing ‘casting 
foundry recipes’ on a regional scale, in which case they become a way of linking 
individual alloy compositions to foundry practice (Kuijpers 2018, 242–253). We 
would of course expect a wide range of alloy compositions to be produced within 
a particular region, according to quality and typology—high-quality vessels with 
one target composition, mirrors another, weapons yet another, and so on—but 
we might also expect certain commonalities of practice, perhaps as a result of 
centralized control, or just from shared knowledge and ‘custom and practice’. If 
we believe that the assemblage we have constructed from the available data is 
representative of the entire metal production of a region, then we can justifiably 
refer to it as a regional alloying pattern. This might be a reasonable assumption if 
we have a very large number of samples from across the spectrum of typologies 
(or, conversely, might be the only practical course of action, if we have assembled 
all the analyses we can find), but normally it is unlikely to be completely realistic. 
It is more likely to be meaningful if we restrict the scope of the assemblage in some 
way. For example, we might narrow the definition of the parent population away 
from ‘all the objects produced in a region’ to ‘all the knives of type x produced in 
a region’, or ‘all the high status objects produced in a region’. In such cases we 
cannot then consider the assemblage to represent a ‘regional alloying pattern’, but 
nevertheless by careful consideration such concepts and comparisons can be made 
archaeologically meaningful and useful.
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We can consider comparisons of regional alloying practice across either space 
or time, or both, depending on how the assemblages to be compared are defined. 
Each cumulative frequency curve reflects the composition of the total range of 
alloys produced in one specific region or period, at least in so far as is evidenced 
by the specific assemblage used to construct that curve. When two regional or 
temporal distributions can be shown to be statistically indistinguishable, then the 
alloying element profiles can be said to share a common pattern. We would like to 
interpret this as implying that the two regions shared a common alloying practice. 
For this to be strictly meaningful it requires careful matching of typology, object 
size, and chronology between the two assemblages, as discussed above; however, 
if the data sets are large enough this interpretation may still be useful. Thus, in 
Figure 16, we can deduce (and could demonstrate statistically) that there was 
some similarity between the lead distribution in the assemblages from Central 
and North China on the one hand, and Transbaikal, Cis-Baikal and Minusinsk on 
the other, with Mongolia somewhere in between. We would then argue that this 
pattern represents some form of technological connectivity within these groups of 
regions—the ‘Chinese’ and the ‘Steppe’ traditions of metal-making respectively—
but with technological boundaries between them. This then becomes a useful tool 
for comparing and contrasting the perceptions and use of metal between different 
cultures. 
During the course of our work with these ideas, we have come across a situation 
where, say, the tin profiles are indistinguishable between regions but the lead 
profiles in the same assemblages are not. This could be telling us something about 
what is controlled and what is not controlled in the alloying processes in the two 
regions—in this example, is the tin controlled, but the lead added more randomly, 
but at the expense of the copper, not the tin? This might imply that there is a 
commonality in the use of tin in the two regions, but that lead is treated differently. 
If so, this could provide interesting insights into differing foundry practices, or 
different organization of the metal supply networks. When considering such 
situations, however, we need to remember that for an alloy consisting primarily 
of lead and tin added to copper, we have a version of the well-known unit sum 
problem (Aitchison 1986), i.e., that Cu + Sn + Pb ~ 100%, so that adding, say, 
more lead automatically reduces the concentration of both copper and tin, which 
will hence affect the CDF of tin in the assemblage. This requires more work and 
thought, and it could also be that using the absolute weights of each metal in the 
object would be more informative than the relative percentages. This would of 
course require the weights of all the objects to be known.
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CDFs therefore appear to offer a powerful tool for comparing elemental 
distribution profiles from assemblages of metal objects from different regions or 
time periods—both in terms of the clarity of presentation, and also in the ability 
to statistically test whether such distributions are the same or different. A deeper 
question is what is the significance of these ‘regional’ patterns of alloying, and is 
the idea of ‘regional alloying patterns’ meaningful?
Kernel Density Estimates (KDE)
An alternative approach to presenting the distribution of alloying elements in an 
assemblage as histograms is to use kernel density estimates (KDE), which then 
enables them to be shown as quasi-continuous distributions. In fact, because 
Figure 16 above is a skyline plot, it appears to present the data as quasi-continuous 
distributions, but is in reality only a set of histograms. The use of KDEs does 
not actually remove the fundamental arbitrariness of the selection of bin width 
associated with histograms, since the width of the selected kernel is obviously also 
arbitrary, but equally there are formulae for estimating this based on the number 
of data points. In fact the KDE renditions are more than simply smoothed quasi-
continuous representations of the data—they can be considered as probability 
distributions representing the underlying data. They then have the property that 
the area beneath the curve is normalised to 1 (or 100% probability), and so the 
similarity between two distributions can be estimated by calculating the degree of 
overlap between them. This gives an alternative quantitative approach to the CDF 
methodology described above for comparing distributions. We return to this use of 
KDEs when considering lead isotope data in the next chapter. 

Chapter 6
Lead Isotope Data from 
Archaeological Copper Alloys 
Isotopes are atoms which possess the same chemical characteristics (by having 
the same number of protons in their atomic nucleus) but have different atomic 
weights because of a variable number of neutrons in the nucleus. Most elements 
exist as more than one isotope: for example, carbon exists as 12C (six protons 
plus six neutrons) and 13C (six protons plus seven neutrons), with an average 
abundance ratio of 99:1. Apart from the light elements (those lighter than oxygen), 
which can be significantly fractionated by biological processes, most elements 
show relatively little variation in the abundances of their natural isotopes. For the 
heavier elements this variation arises largely from geological processes (such as 
different emplacement temperatures during mineralization). The exceptions tend 
to be elements which have one or more isotopes produced by the radioactive decay 
of other elements. Lead is one of the more unusual in that it has a very wide range 
of natural isotopic variation, due to the fact that three of its four stable isotopes 
(206Pb, 207Pb, and 208Pb) lie at the end of major uranium and thorium radioactive 
decay chains. These chains with their respective half-lives are as follows:
 
    238U ➝ 206Pb   T½ = 4.468 x 109 years
    235U ➝ 207Pb   T½ = 0.7038 x 109 years
 232Th ➝ 208Pb   T½ = 14.01 x 109 years
Thus the abundance of these three isotopes of lead present in a deposit can 
increase dramatically depending on the amount of U and Th present. The fourth 
stable isotope, 204Pb, is not produced by radioactive decay but is residual from the 
formation of the universe, and is often therefore termed primeval. The accepted 
average natural abundances of the four stable isotopes of lead are 204Pb = 1.4%, 
206Pb = 24.1%, 207Pb = 22.1%, and 208Pb = 52.4%, but the variation can be large. 
Russell and Farquhar (1960, 14) give examples of the ranges for each isotope 
abundance as follows: 204Pb = 1.044 – 1.608%, 206Pb = 21.53 – 28.39%, 207Pb = 
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19.22 – 23.46%, and 208Pb = 51.2 – 53.40%. They even quote an extreme example 
of lead from a uranium mine with 204Pb = 1.044%, 206Pb = 41.87%, 207Pb = 19.45%, 
and 208Pb = 37.64%.
Although this range of natural isotopic variation is, relatively speaking, extremely 
large, it is usual to record and report lead isotopes as a set of three isotope ratios, 
since this allows greater precision in the measurements. Geologically, they are 
usually reported as 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb, but archaeologically 
the first results were published as 206Pb/204Pb, 206Pb/207Pb and 208Pb/207Pb (Brill 
and Wampler 1967). Subsequent archaeological practice has tended to report 
204Pb/206Pb, 207Pb/206Pb and 208Pb/206Pb, originally because 204Pb is the least 
abundant (∼1.4%) and therefore ratios measured against 206Pb (∼24.1% abundant) 
are capable of higher measurement precision. In the geochemical literature it is 
well known that modern magmatic and ore provinces tend to form very narrow 
alignments in plots of 207Pb/206Pb versus 208Pb/206Pb, which overlap strongly (e.g., 
Albarède et al. 2012) and therefore have limited resolution between ore sources. 
For these reasons, we prefer to use the ratios as reported in the geological literature, 
i.e., as ratios to 204Pb. It is a simple procedure to mathematically convert between 
one set of ratios and another, but the quantities so produced are not necessarily 
equivalent. There are clearly seven possible ratios of the four isotopes, which are 
completely mathematically interchangeable. However, the practicalities are that in 
measurement by both TIMS (thermal ionization mass spectrometry—the original 
method) and ICPMS (inductively-coupled plasma mass spectrometry) (see Pollard 
et al. 2017b, 81–82) the data are actually recorded directly as three specific ratios 
rather than four independent abundances. Switching from the ratios as measured 
to another set therefore increases the error term associated with the calculated 
ratio, in a way which can be difficult to predict. Technically, therefore, the ratios 
should not be re-calculated from those which were originally measured (or, to 
put it another way, it does matter which ratios are quoted). However, the increase 
in the error term is only likely to affect the fourth or fifth decimal place of the 
reported ratio, and, as we show below, we are often only considering isotope ratios 
to the first or second decimal place. So, in our work, the conversion from measured 
ratio to a ratio against 204Pb, if necessary, should have very little effect. 
Brill and Wampler (1967) showed that by using measurements of the lead 
isotope ratios, it was possible to differentiate lead ores (galena, PbS) coming from 
Laurion in Greece from those occurring in England and Spain. They did note that 
an ore sample from north-eastern Turkey fell into the same “isotope space” as 
that occupied by three ores from England, thus presaging some of the subsequent 
interpretational difficulties. Figure 1, using more than 6,700 isotope data for lead 
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ore deposits from Europe compiled by Hsu in the FLAME database, shows the 
variation in lead isotope ratios (206Pb/204Pb) across Europe. There is a general 
east-west trend, with lower values in the west (206Pb/204Pb =16.5 – 18.2) and 
higher in the east (18.6 – 21.4), with the lowest values (13.4 – 16.5) in northwest 
Scotland and Fennoscandia, and a belt of much higher values (‘highly radiogenic’, 
206Pb/204Pb >21.4) between Sweden and Norway. Even though this map for Europe 
is incomplete, it can be seen why it is not surprising that there is considerable 
overlap in the isotopic values of metalliferous ores from different sources, at least 
across mainland Europe and Anatolia.
The scope of the application of lead isotopes to archaeology was vastly 
increased when researchers realized that it could be applied not only to metallic 
lead artefacts (which are archaeologically rare) but also to the traces of lead left in 
silver objects extracted from argentiferous lead ores by cupellation (Barnes et al. 
1974). Silver is quite common in Europe, and particularly so once metal coinage 
was introduced around the 8th century BCE in the eastern Mediterranean. However, 
the utility of the method was even further expanded when it was also applied to 
the traces of lead in copper objects (Gale and Stos-Gale 1982), present either as a 
result of smelting impure copper ores, or by some admixture of lead to the copper. 
The realization that the isotope ratios of lead in archaeological copper objects 
could be related to differences between specific metal deposits was universally 
hailed as a major breakthrough in the scientific study of ancient metallurgy. As 
noted in Chapter 1, traditional provenance studies using trace elements in copper 
had often only been seen to be partially successful, so the lead isotope method 
was widely applied to studies of the trade in metals, particularly in Bronze Age 
Anatolia and the Eastern Mediterranean. Early enthusiasm, however, soon became 
tempered by differences of opinion in data interpretation, with specific reservations 
focussing on issues such as the statistical definition of an “ore field” and, given 
that lead isotope ratio data are not normally distributed, the identification and 
treatment of “outliers” within the data (Pollard 2009). Modern techniques of data 
interpretation, such as kernel density modelling (Scaife et al. 1996: see below), can 
now easily overcome such objections, but nevertheless some issues remain. Little 
consideration has been given to the effect of mixing lead from different isotopic 
sources, as could happen when copper objects are recycled, or even when lead 
from different sources is mixed together. The system described here is designed to 
highlight such processes.
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Figure 1: 
Variation in 206Pb/204Pb in ore deposits across Europe (Hsu: FLAME database)
The evolution of lead isotope ratios: ‘ordinary’ and  
‘highly-radiogenic’ leads
The conventional means of interpreting lead isotope data in archaeology derives 
directly from geological practice, which uses pairs of isotope plots (some 
combination of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb) to calculate graphically the 
emplacement age of the lead deposit, based originally on the Holmes-Houtermans 
equations for the evolution of the isotopic composition of lead deposits (see 
Pollard et al. 2017b, 380–395). At its simplest level, the modern lead isotopic 
composition of an ore body is controlled by the original isotopic composition 
of the lead at the time of emplacement, the original amount of uranium and 
thorium in the deposit, and the geological age of the deposit. In the absence of 
unusually high concentrations of uranium and thorium, and in a closed geological 
environment, the isotope ratios of lead in a mineral deposit will evolve along 
predictable lines over geological time, and the geological age of such deposits 
can therefore be calculated from a measurement of these ratios (Dickin 2005; 
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Faure 1986). Such deposits are termed conformable, and they tend to have lead 
isotope ratios close to 206Pb/204Pb ≈ 18.5, 207Pb/204Pb ≈ 13.3, and 208Pb/204Pb ≈ 38.3, 
which is approximately the average lead isotopic composition in the Earth’s crust, 
as given above. Lead-containing minerals with such ratios are termed common 
or ordinary leads. The lead isotope ratios of minerals formed in the presence of 
excess uranium and/or thorium, however, evolve along different lines as a result 
of the production of additional quantities of 206Pb, 207Pb, and 208Pb, the exact 
enrichment depending on time and the amounts of uranium and thorium present. 
Such deposits are termed non-conformable, and their ages cannot be calculated 
from measurements of the lead isotope ratios using simple evolutionary models—
they can give predicted (model) ages which are in the future. They are generally 
referred to as anomalous leads. It is worth pointing out that all terrestrial lead 
deposits contain varying proportions of radiogenic lead, so the use of the term 
‘radiogenic’ in many publications to describe anomalous lead is inappropriate. The 
term ‘highly radiogenic’ is more acceptable (e.g., for values of 206Pb/204Pb > 19.5), 
and has been used in some of the archaeological literature, and also here. 
Geologists were quick to exploit this new chronometric tool based on 
conformable lead deposits, firstly to obtain an estimate of the age of the Earth, and 
subsequently to estimate the geological age of the various metalliferous deposits. 
In practice, however, using lead isotopes to characterize metal deposits is not 
straightforward. Very few lead deposits are truly conformable, but, conversely, 
deposits with highly radiogenic lead isotope ratios are relatively rare. Moreover, 
deposits with highly radiogenic leads can be isotopically very heterogeneous 
(Liu R. et al. 2018). In isotope geochemistry it has now been realised that simple 
equations such as those of Holmes-Houtermans and subsequent derivatives 
provide a poor description of the evolution of lead isotopes in terrestrial deposits. 
This is due to the complexity of the processes acting within the Earth’s crust. 
For example, when an ore fluid is forced through the crust, there can be mixing 
between the lead in the crustal rock and that in the ore fluid, which can be of quite 
different ages, resulting in a mineral deposit with isotopic values which do not 
match either that in the ore fluid nor in the surrounding rock. 
Lead isotopes in archaeological objects
During all the archaeological discussion about the use of lead isotopes, 
little attention was paid to the question of data presentation, in terms of the 
archaeological utility of using a pair of isotope ratio plots. When we add to the 
geological complexity described above the possibility of anthropogenic mixing 
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of lead from different sources during smelting and metal production, we might 
argue that ‘conventional’ lead isotope bi-plots may not be the best way of looking 
at the data from archaeological objects. If we accept that, at least at certain times 
and places, the mixing of metal from different sources, or metal recycling, was a 
significant facet of human behaviour, then the uncritical use of lead isotope data 
on copper alloys is potentially misleading in terms of provenance (Pollard and 
Bray 2015). Within FLAME, we have therefore reconsidered the ways in which 
lead isotopes can be used archaeologically. As before, we focus primarily on 
assemblages of the objects themselves, and look for changes in the isotopic record 
over time and space. The objective is less to match the objects to specific ores, 
but more to identify changes in lead isotope values within the hypothesized metal 
flow, some of which may well be due to changes in ore source, but which also 
admits other possibilities, such as mixing and recycling. It is obvious that if metal 
from different sources is being mixed and recycled, then the measured lead isotope 
signature of the object may not correspond to any one specific source. This is in 
addition to the equally obvious statement that if lead is added to a low-lead copper 
base to form a leaded alloy, then the lead isotope signature of the object will be 
dominated by that of the added lead, not the copper, since the concentration of lead 
in most smelted copper is low. 
In order to explore these ideas, we have proposed a different set of three 
diagrams which plot the inverse of the lead concentration (1/Pb) in the object 
against its lead isotope ratio (Pollard and Bray 2015). This parallels the method 
of presentation used by isotope geochemists for strontium isotope data (87Sr/86Sr), 
with the express purpose of being able to detect mixtures of two or more 
components. If two different sources of strontium are mixed (e.g., the merging of 
two rivers, each carrying sediment from different source rock), and each having 
different chemical abundances and isotopic ratios of strontium, then a plot of 1/
Sr vs 87Sr/86Sr is used to calculate the strontium concentration and isotopic ratio 
of the mixture (Faure 1986, 144). Such mixing shows up as a hyperbolic mixing 
line if the isotope ratio is plotted directly against the strontium concentration, 
but it becomes linear if plotted as the isotope ratio against inverse concentration 
(Figure 2). The mathematics of the linear relationship between 206Pb/204Pb and 1/
Pb are shown in the appendix to this chapter. Although for lead there are three such 
diagrams (1/Pb vs 206Pb/204Pb, 1/Pb vs 207Pb/204Pb and 1/Pb vs 208Pb/204Pb) rather 
than one for strontium, this method has proved extremely useful in a wide range 
of archaeological cases, especially when lead has been deliberately added to the 
copper alloy.
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Figure 2: 
Isotope mixing lines as seen in strontium isotopes (Faure 1986, 144).
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Figure 3: 
206Pb/204Pb plotted against 1/Pb for Chinese bronzes from a) the Anyang period of the Shang 
(c. 1200–1046 BCE) and b) the Western Zhou period (1046–771 BCE) (Liu 2016). The colour 
coding shows the allocation to Copper Group.
The most significant advantage of this form of presentation is that it provides 
a way of simultaneously displaying the concentration of lead in an object and 
its isotope ratio. To illustrate this method, Figure 3 shows a pair of 1/Pb vs. 
206Pb/204Pb for Chinese Bronzes in the Sackler Collection, split into the Anyang 
phase of the late Shang (c. 1200–1046 BCE: Bagley 1987) and the Western Zhou 
(1046–771 BCE: Rawson 1990). Because the data contain objects with a wide 
range of lead concentrations (from roughly 0.01% up to 15%), we have presented 
the horizontal axis as a logarithmic scale, although it is labelled linearly. It is 
important to note, however, that although this is more convenient for display 
purposes, it does mean that the linearity of the mixing lines will be reduced. 
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Because the horizontal axis is inverse concentration, points to the left side of the 
plot have high lead concentrations, and points to the right are low in lead. Thus 
0.1 on the x-axis corresponds to 10% Pb in the original object, and 10 is 0.1%. 
Although this may not always be true, crudely speaking, we can think of the right 
hand side of the diagram (with 1/Pb > 1, or the Pb concentration in the object <1%) 
as representing the lead isotope values in objects made of unalloyed copper, and 
the left hand side as being representative of the values in objects with deliberately 
added lead. 
Objects on these diagrams lying on the same horizontal line have approximately 
the same value of 206Pb/204Pb, and therefore have the potential to come from 
the same source, or at least from sources sharing similar isotopic values. Thus 
in these two diagrams we have drawn attention to two horizontal lines—one at 
approximately 206Pb/204Pb = 17.75, often referred to in the Chinese lead isotope 
literature as ‘common lead’, and one at 206Pb/204Pb ≈ 22, referred to in the same 
literature as ‘highly radiogenic lead’. It is immediately obvious from this pair 
of diagrams that highly radiogenic lead is common in the Anyang period of the 
Shang Dynasty, but largely absent in the succeeding Western Zhou Dynasty. The 
overwhelming majority of data from the Western Zhou fall into a broad band 
between 17 < 206Pb/204Pb < 19, irrespective of whether we look at the data above or 
below 1/Pb = 1. This range of 206Pb/204Pb values could of course encompass several 
sources of common lead, but it does indicate that the unleaded coppers (1/Pb > 1) 
have similar isotopic values to that in the added lead (1/Pb < 1). Since galenas (PbS) 
and chalcopyrites (CuFeS2) forming in the same metalliferous veins are likely to 
have similar lead isotope ratios, this could imply a similar source location for both 
the lead and the copper. The situation is quite different in the earlier Anyang period 
data. Here the added lead is distributed between at least two distinct sets of lead 
isotope values, corresponding to the common and highly radiogenic leads, but the 
few unleaded coppers represented suggest a definite mixing trend between copper 
containing ‘common’ lead (206Pb/204Pb below 20) and the highly radiogenic added 
lead with a value of 206Pb/204Pb around 23. This seems to imply that the sources 
of copper used in both the Anyang period and the Western Zhou could have been 
the same, but that in the Anyang period it was mixed with highly radiogenic lead, 
which was largely not used during the Western Zhou.
Several further points can be made about this form of presentation. The first 
is that the pair of figures shown above are only one of a set of three possible 
representations, and that, for reasons of space, in Pollard et al. (2017a) only this 
figure was printed (although 1/Pb vs. 207Pb/204Pb and 1/Pb vs. 208Pb/204Pb were 
available in the online supplementary material). It is clearly possible that if another 
lead isotope ratio was used then the diagrams might look different, and a different 
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conclusion could be drawn. It is possible, for example, that significant differences 
could occur when 208Pb/204Pb is plotted instead of 206Pb/204Pb, since 208Pb is 
thorogenic (i.e., partially derived by radioactive decay from 232Th), whereas 206Pb 
and 207Pb are both uranogenic (from 238U and 235U, respectively). Geochemically 
thorium is more insoluble than uranium, and is therefore less widely dispersed 
in the Earth’s crust than uranium. The plots of 1/Pb vs. 207Pb/204Pb and 1/Pb vs. 
208Pb/204Pb for the same data as Figure 3a are shown here as Figure 4 and in this 
case show no appreciable difference. In our experience this is usually the case, but 
it will not always be so, so all three representations should be studied before any 
conclusions are reached. 
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Figure 4: 
a) 207Pb/204Pb vs 1/Pb and b) 208Pb/204Pb vs 1/Pb for same data as shown in Fig. 3a.
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Another point to be made is that, as shown in these figures, we can also add the 
results of the trace element categorisation (Copper Groups) by colour coding 
the points, enabling us effectively to combine lead isotope, trace element and 
alloying information in a single diagram. In Figure 3a, for example (the Anyang 
Shang data), there appears to be a difference in the isotopic values of the lead 
associated with different copper groups. CG1 (Cu only, with no trace elements 
above 0.1%), for example, seems to be preferentially associated with Pb having 
a highly radiogenic signal, which may be useful in considering the sources of the 
copper and highly radiogenic lead. Conversely, CG12 (Cu with As, Sb and Ag) 
seems to be primarily alloyed with common lead—again, this is likely to have 
some significance in considering sources.
One significant observation is that, although modern lead isotope ratios are 
routinely measured to four or five decimal places, the lead isotope data as plotted 
in these figures are only discussed at the level of the first or second decimal place. 
This might indeed be wasteful in terms of information content, but when dealing 
with archaeological objects which may contain mixed or recycled lead, or even 
just considering the natural variation within ore sources, it is likely that in some 
cases only the first two decimal places are archaeologically significant. There may 
well be particular datasets where the full precision of the measurements might 
be needed, even when using this method of presentation, but just because we can 
measure an isotope ratio to five decimal places does not necessarily mean that it 
has archaeological significance to five decimal places.
We have also experimented with plotting the lead isotopes against elements 
other than lead. Although such plots lack the theoretical underpinning of a 1/Pb 
vs lead isotope ratio plot, they can nevertheless prove informative about mixing 
processes. Since nickel is resistant to oxidative loss, we can plot nickel as 1/Ni 
against the lead isotope ratio and use the absolute level of nickel as an indicator 
of dilution (since the most likely way of decreasing the nickel content of a copper 
alloy is to mix it with metal which contains no nickel; i.e., by dilution). If we see 
a change in lead isotope value as a function of the nickel content, we can suggest 
that there has been a mixing process between two units of metal with different 
lead isotope values, but one containing higher nickel and one with little or no 
nickel. Figure 5 shows a comparison of 1/Ni vs. 206Pb/204Pb for Shang Anyang 
and Western Zhou bronzes from the Sackler collection, to be compared with Fig. 
3 for lead. There is again a clear difference between the Shang and Western Zhou 
datasets. The Shang data shows samples with much lower nickel content (higher 
1/Ni), and with clear mixing lines between the lower and higher values of nickel, 
but starting at the highly radiogenic value of 206Pb/204Pb and joining to both the 
common and highly radiogenic lead values. This is complicated to interpret since 
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the nickel is most likely to be associated with the copper, and the higher values of 
lead are likely to be separately added, but it could indicate a mixing between the 
common and highly radiogenic sources of lead. This utility of such approaches 
requires further investigation.
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Figure 5: 
206Pb/204Pb plotted against 1/Ni for Chinese bronzes from a) the Anyang period of the Shang 
(c. 1200–1046 BCE) and b) the Western Zhou period (1046–771 BCE).
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Changes in lead isotopes in assemblages over time
Although for some regions there is now a relatively substantial number of lead 
isotope measurements on Bronze Age archaeological metal artefacts in the 
database, unfortunately, the majority of these are not associated with chemical 
data from the same object. This is because labs which are capable of measuring 
lead isotopes are often not equipped with instruments for chemical analysis, and 
vice versa. Without a measurement of the lead content in the object, we cannot 
produce 1/Pb vs isotope ratio plots for individual objects. We can, however, 
produce something almost as useful by simply plotting one of the measured isotope 
ratios in a chronological sequence of samples. This works well if we have a block 
of isotope data for each of several consecutive periods of time, and plot each 
period in the correct order. By grouping the data according to the chronological 
sequence we can reveal any patterns of change in the isotope values over time, 
which might be indicative of changing ore sources or reveal periods of intensive 
mixing. Within each group, however, the order of the samples along the horizontal 
axis is arbitrary. The method works equally well for comparing isotopic data from 
different contemporary sites. Objects with similar isotopic ratios will still show 
up as strong horizontal lines in these diagrams. If we make the assumption that 
horizontal lines with different isotopic values represent different sources (although 
single sources can of course show a range of values), then changes in the value 
of these lines may represent a switch in ore source. Essentially, these diagrams 
combine in a very simple way both isotopic and archaeological information. 
Here we present the data in terms of 206Pb/204Pb, but, as with the 1/Pb vs 
isotopic ratio diagrams discussed above, similar figures can be produced for both 
207Pb/204Pb and 208Pb/204Pb, which again show nothing different to the figure shown 
here. Figure 6 illustrates the method using lead isotope data in vessels from Bronze 
Age central China (Jin et al. 2017). In fact this figure shows the combination of a 
chronological sequence and a comparison of objects from contemporary sites. The 
chronological sequence consists of Erlitou (c. 1900–c. 1500 BCE), the Erligang 
(Zhengzhou) period of the Shang (c. 1500–c. 1400 BCE), the Anyang period of 
the Shang (c. 1400–1046 BCE) divided into the four Yinxu phases as discussed 
in Chapter 5, and the Western Zhou period (1046–771 BCE). The Erlitou period 
is represented only by samples from the Erlitou site itself, whereas the Erligang 
period has samples from Zhengzhou (the Erligang capital) and also from the 
Erligang period sites of Yuanqu and Panlongcheng. The samples representing the 
Anyang period all come from excavations at Anyang. The Western Zhou samples 
are from the Sackler collection (Bagley 1987), and are largely unprovenanced.
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The most distinctive feature, as discussed above in relation to Figure 3, is the 
presence of so-called highly radiogenic lead from the Erligang period through to 
the late Anyang period. In the preceding Erlitou period there is no evidence for the 
use of this highly radiogenic lead (taken here to be 206Pb/204Pb above c. 19), but 
there seems to be at least two distinct common isotope values present at Erlitou 
(206Pb/204Pb ~ 16.5–17 and 206Pb/204Pb ~ 18–18.5), with possibly some mixing 
between them. The lower of these two signatures (206Pb/204Pb ~ 16.5) appears to 
continue into the Erligang (Zhengzhou) period (c. 1500–1400 BCE), but the higher 
one is less well represented, if at all, in Erligang. This common lead is, however, 
supplemented during the Erligang period by lead containing a highly radiogenic 
component (206Pb/204Pb ~ 19-23), the significance of which is discussed further 
below. This Erligang pattern is broadly continued into the Anyang period of the 
later Shang (c. 1400–1046 BCE), but with some differences in detail. The earliest 
phase, Yinxu I, has a wide scatter of lead isotope values, ranging from 206Pb/204Pb 
below 16, up to highly radiogenic values of 23.5. In this respect it matches more 
closely the previous Erligang (Zhengzhou) and Panlongcheng patterns than it does 
the subsequent Yinxu phases. Yinxu Phase II is scattered across a similar but not 
identical range, consisting of a tight ‘low’ grouping at 206Pb/204Pb ~ 18-19, which 
could correspond to the higher of the two earlier Erlitou groups, and going up to 
radiogenic values of > 24. Phase III shows a highly radiogenic group between 19 
and 22, and predominantly (but not exclusively) the same common group at around 
18 as seen in Phase II. However, Phase IV is strikingly different, in that, with the 
exception of two points, the highly radiogenic lead has disappeared and the values 
are mostly very consistent around a common value of 17.5, which is similar to the 
common lead values seen most notably at Panlongcheng. The Western Zhou data 
include a continuation of this ‘low’ source (~ 17.5) which first appears in Yinxu 
Phase III and dominates Phase IV, but also contains a wider scatter of common 
lead with values between 18-19, which could include the common lead source 
identified in Yinxu Phase III. In the Western Zhou data, the highly radiogenic 
component has also virtually disappeared. The source of this highly radiogenic 
lead is one of the major questions in Chinese archaeometallurgy, and, although this 
method does not enlighten us as to where it comes from, it does show that it was 
accessed suddenly with the move of the Shang capital to Erligang (Zhengzhou), 
and ceased before the fall of Anyang, probably during the Yinxu III phase.
Beyond Provenance158
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
P
b
2
0
6
/P
b
2
0
4
 
Chronological Progression 
Erlitou Erligang Yuanqu Panlongcheng Yinxu I Yinxu II Yinxu III Yinxu IV Western Zhou 
Figure 6: 
Values of 206Pb/204Pb for archaeological objects from Central China from the Erlitou culture to 
Western Zhou (Jin et al. 2017). (Data from Jin et al. 2001; Tian 2013; Peng et al. 1999, 2001; 
Sun et al. 2001; Rawson 1990)
Lead isotope measurements have made a major impact on archaeological research 
over the last thirty years, but little thought has been given to presenting the data 
in such a way as to link it directly to archaeological questions. When presented, 
as here, in a different way, and when combined with chemical and other evidence, 
lead isotopes can provide an extremely powerful and independent tool for 
understanding the circulation of metal. As in the two previous chapters, however, 
in order to fully exploit this, this approach has to be linked with a shift in the 
emphasis of the question away from one of simple ‘provenance’ towards a more 
complex picture, of which ‘provenance’ is but one component. 
The source(s) of Chinese highly radiogenic lead:  
geochemical parameters (Mu-Kappa-T)
More than thirty years have passed since the first report of the finding of highly 
radiogenic lead in Shang Dynasty Chinese bronzes (Jin 1987). Since then, the use 
of highly radiogenic lead in Bronze Age China has been frequently mentioned 
and discussed in many important publications. The most recent and high profile 
debate was triggered by Sun et al. (2016), who argued that the metal contained 
in the ritual bronze vessels unearthed at Anyang originated in Africa. Although 
extremely eye-catching, this paper has subsequently been heavily criticised, 
especially on archaeological grounds (Liu S.R. et al. 2018). Figure 6 above shows 
the widespread use of highly radiogenic lead in Chinese ritual bronzes from the 
Erligang (Zhengzhou) period (ca. 1500–1300 BC) until the Yinxu II Period of 
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Anyang (ca. 1200–1046 BC). Even more remarkably, isotopic measurements 
of bronzes from outside the Central Plains of China—that is, from Sanxingdui 
in Sichuan, from Panlongcheng and Xin’gan on the Middle Yangzi River—also 
show the use of highly radiogenic lead in their cast bronzes. Equally intriguing 
and mysterious, highly radiogenic lead appears to have disappeared in all areas by 
the subsequent Zhou dynasty. This provides one of the most enduring problems in 
Chinese archaeology, and a great challenge to lead isotope geochemists—where 
does the radiogenic lead come from, and why does its use appear to rise and fall 
synchronously over a large area in relatively short time period? 
Another way of looking at this question is to ask ‘why hasn’t lead isotope 
geochemistry already solved this issue?’ One of the long-standing criticisms of the 
use of lead isotope data in archaeometallurgy has been the tendency to use lead 
isotope ratios as simple numbers which can potentially be used to characterise 
an ore source (e.g., Albarède et al. 2012). According to these commentaries, 
this ignores a crucial fact about lead isotopes—they evolve according to well-
understood laws of radioactive decay and geochemistry. In other words, these 
numbers can tell us something about the geochemical and geochronological 
characteristics of the parent ores. An alternative approach has been described by 
Albarède et al. (2012), which uses the measured isotope ratios for each sample 
to calculate the parameters μ (the ratio of 238U/204Pb in the parent deposit), κ (the 
ratio of 232Th/238U in the deposit), and T (the ‘model age’ of the deposit). These 
have the advantage of being three independent geological parameters related to the 
characteristics of the ore source. The model age T is an estimate of the geological 
age of the province in which the ores are found. Because of the assumptions 
invoked by the use of simple models for the emplacement of the ore deposit, 
the values of T do not necessarily correspond to real geological ages (indeed, 
sometimes the model ages predict the formation of the deposit in the future), but 
they are usually good enough to identify geological provinces by their tectonic 
formation ages. Nevertheless, these three parameters describe the geochemical 
environment of the parent deposit, which should be similar within a particular 
deposit, but different between deposits of different ages and chemistry. Albarède 
et al. (2012) use the equations for the primary growth of radiogenic 206Pb, 207Pb and 
208Pb from 238U, 235U and 232Th respectively (see Pollard et al. 2017b, 388–390) to 
generate a set of three simultaneous equations in terms of T, Δμ and Δκ, where Δμ 
= μ – μ* and Δκ = κ – κ*, and the asterisk signifies the value of each parameter in 
modern common lead (μ* = 9.66 and κ* = 3.90). In this formulation, we can solve 
the three equations for three unknowns T, Δμ and Δκ using a trust-region-dogleg 
algorithm to ensure rapid convergence, and then μ and κ are easily obtained from 
the expressions for Δμ and Δκ. The model age can (usually) be used to assign the 
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origin of ores to a particular geological province, and variations in μ and κ can help 
to discriminate segments within geological provinces. 
We have used calculations of T, μ, and κ to further explore the variations within 
the highly radiogenic lead used in the Shang Dynasty of China. In most Shang 
and Zhou ritual bronzes, the lead levels are sufficiently high (~5-20%) that the 
measured lead isotope ratio in a particular object must reflect that in the added 
lead, rather than the traces introduced by the copper or tin. During the 1980s, 
Jin Zhengyao and his colleagues argued that the lead contained in the ritual 
vessels found at Anyang might have originated in southwest China, specifically 
in northeast Yunnan (Jin 1987; Jin et al. 2004), since this appeared to be the only 
region in China capable of yielding such highly radiogenic lead. Furthermore, 
the predominance of objects containing highly radiogenic lead at the sites of 
Sanxingdui (Jin et al. 1995), Hanzhong (Wang et al. 2008) and Jinsha (Jin et al. 
2004) in southwest China, and Panlongcheng and Xin’gan (Jin et al. 1994) in 
the south, seemed to reinforce the idea of a lead supply from somewhere south 
of the Yangzi river. This suggestion, however, raised some difficult questions for 
specialists in Chinese bronzes. Yunnan is very distant from Anyang, especially 
since there are many other sources of lead closer to the Central Plains, and there 
is as yet insufficient archaeological evidence to understand the nature of contact 
between the Central Plains and Yunnan in the Shang dynasty. There are also other, 
equally difficult, questions to consider. The phenomenon of the use of highly 
radiogenic lead in Chinese ritual bronzes of the Bronze Age is relatively short-
lived, as discussed above. It ‘switches on’ at the beginning of the Erligang phase 
of the Shang (c. 1500 BCE), and is virtually gone by the end of the Anyang phase, 
around 1046 BCE, or even before (the end of Yinxu III). During these c. 400 years, 
the use of highly radiogenic lead is ubiquitous in the Shang world and beyond. 
Intuitively one feels that this must represent the widespread use of a single source 
of lead—otherwise how would smelters over a large area simultaneously switch 
to, and then switch away from, the use of highly radiogenic lead, assuming that 
they had no way of distinguishing between highly radiogenic and common lead? 
Conversely, if it is a single source, then how was the distribution system organised 
so that it simultaneously became ubiquitous at the Shang capital, but also at many 
other largely autonomous centres such as Sanxingdui in Sichuan Province?
In order to see if the available data on highly radiogenic lead in Bronze Age 
China suggests a single or multiple source, we have assembled all the available 
isotopic analyses used in Figure 6 from objects containing highly radiogenic lead 
(arbitrarily defined as those having values of 206Pb/204Pb > 19), and converted the 
data to T, μ, and κ. 
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Site mu Kappa
Erligang 9,3364 2,8536
Erligang 9,6437 3,8822
Erligang 9,6572 4,0053
Erligang 10,557 3,9708
Erligang 10,611 3,7585
Erligang 11,077 3,7311
Erligang 9,2697 2,7611
Erligang 10,184 3,8131
Erligang 10,172 3,9775
Erligang 10,172 3,9775
Erligang 10,323 3,8269
Erligang 10,663 3,869
Erligang 11,087 3,7127
Erligang 9,6499 3,8826
Erligang 10,576 3,8996
Yuanqu 9,4117 3,4677
Yuanqu 10,861 3,8275
Panlongcheng 10,689 4,234
Panlongcheng 9,7243 4,7793
Panlongcheng 9,6762 2,5756
Panlongcheng 10,446 3,5866
Panlongcheng 9,7205 3,9335
Panlongcheng 10,048 3,8811
Panlongcheng 10,152 3,9182
Panlongcheng 10,791 3,8937
Panlongcheng 10,636 3,8241
Panlongcheng 10,612 3,8186
Panlongcheng 10,579 3,8088
Panlongcheng 9,8031 3,8901
Panlongcheng 10,163 3,9002
Panlongcheng 9,9336 3,9368
Panlongcheng 10,102 3,9171
Panlongcheng 11,106 3,7139
Panlongcheng 11,101 3,683
Panlongcheng 11,273 3,8069
Panlongcheng 10,372 3,9039
Panlongcheng 10,538 3,9881
Panlongcheng 10,154 3,9105
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Figure 7: 
Highly radiogenic lead data (206Pb/204Pb > 19) from Fig. 6 converted into T, μ, and κ.
 
Figure 7 shows all the available lead isotope data for highly radiogenic lead (as 
defined above) for archaeological objects from the three Erligang period sites 
of Erligang, Yuanqu and Panlongcheng and the later Shang period at Anyang, 
plus the data from Bagley (1987) on the Western Zhou objects in the Sackler 
Collection, plotted as κ (232Th/238U) vs. μ (238U/204Pb). A striking feature is that 
the vast majority of data all appear to overlap in one group elongated along the 
μ axis, which is indicative of highly variable initial concentrations of uranium. 
However, the total range of this group is surprisingly large, having values of μ 
between 9.77 and 11.16, and κ between 3.67 and 4.09. Typical ranges for common 
sources of lead are much narrower, such as 9.6  – .70 for μ and 3.83 – 3.86 for κ 
in Mexican ores (Cumming et al. 1979). One would of course expect a source of 
highly r di enic lead to have a larger range of values than a common source. The 
key question is do these data represent a single source, or more than one source? 
Looking more closely at Figure 7, there is the possibility that the Anyang data are 
split into two groups, one as just described (heavily overlapped by the other sites) 
and another with μ between 11.66 and 12.18. This could simply be an artefact 
of the small sample numbers, but the fact that it is only data from Anyang which 
occupies this space suggests that there may have been more than one source of 
highly r dio enic lead used at Anyang. 
In an attempt to match these radiogenic data to a specific area, we have created an 
admittedly in omplete set of data on modern highly radiogenic Chinese lead ores, 
which, after conversion to μ, κ and T, shows a total range for μ of approximately 
10 – 20, and 2.5 – 6 for κ (Figure 8). Plotting μ and κ for highly radiogenic lead by 
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province, we find two substantial matches for the highly radiogenic leads found in 
Shang bronzes (the range of which, taken from Fig. 7, is shown by the blue box), 
one from Shandong and one from Yunnan province.
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Figure 8: 
Highly radiogenic lead (206Pb/204Pb > 19) in modern ore data from China, converted into T, 
μ, and κ.
This plotting of data from modern Chinese lead ores reveals some interesting but 
as yet far from conclusive suggestions as to where the radiogenic lead might have 
originated. Jin et al. (2017) observe that the Zhongtiao mountains (close to Erlitou 
and Zhengzhou) have some evidence for highly radiogenic lead (Xu et al. 2005), 
albeit only so far published as measured in chalcopyrite samples. Similarly, the 
Qinling mountains to the west of the central plains have some evidence for highly 
radiogenic lead (Zhu et al. 2006). As originally noted by Jin, northern Yunnan in 
the south-west of China remains a possible source of this metal (Jin et al. 1994; 
2004).
Plotting the mu-kappa data for highly radiogenic leads found in Shang dynasty 
bronzes has shown that those from Erlitou, Zhengzhou, Panlongcheng and Yuanqu 
all occupy the same extended region of the graph, which could indicate that they 
come from a single source. There is some evidence that there may be a second 
source represented at Anyang, but not at the other sites. As yet the modern ore data 
are too limited to consider asking where these sources might be, but the original 
suggestion of Yunnan appears to be a possibility, alongside Shandong, although 
other, closer, sources such as Zhongtiao Mountain must also be considered.
All of this helps to shed more light on the phenomenon that is the use of highly 
radiogenic lead in Shang dynasty China, but does not specifically identify the 
number of sources, nor their locations. Two other pieces of the jigsaw have recently 
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been put together, both of which point (independently) to the use of multiple 
sources of highly radiogenic lead. One is the study of silver levels in the bronzes. 
As noted in Chapter 3, silver is unlike the other trace elements used to create 
Copper Groups because in leaded bronzes it is possible that it accompanies the lead 
and not the copper. In a recent study, Pollard et al. (submitted) concluded that there 
were at least two patterns of association between the silver and the lead, indicating 
two different geological provinces for the origin of the lead. Interestingly, there 
did not appear to be a clear difference between the Ag-Pb association in highly 
radiogenic and common leads where they co-occurred, suggesting that the two 
types of lead may have come from similar geological environments. Perhaps even 
more significantly, Liu R. et al. (2018) have extended the data shown in Figure 
6 above to include lead isotope ratios from glasses, glazes and pigments into the 
Han and Tang dynasties. This shows clearly that highly radiogenic lead continued 
to be used for a wide range of materials and across a broad area of China well 
into the Tang dynasty. This suggests that sources containing highly radiogenic 
lead were probably widely available across China, thereby strongly supporting the 
likelihood that multiple sources of highly radiogenic lead could have been used by 
the Shang and their neighbours.
Kernel Density Estimates of lead isotope distributions
The practice that developed in the 1990s of drawing ‘90% confidence ellipses’ 
around archaeological data presented in an isotope ratio bi-plot to define an ore 
field has drawn much criticism. It either assumes a normal distribution of points 
in the space defined by the isotope ratios, which has been shown not to be true 
(Baxter and Gale 1998), or is an entirely arbitrary exercise, which often involves 
dropping data points as ‘outliers’ in order to achieve a regular ellipse. The use 
of kernel density estimates (KDEs) has been shown to be much more robust in 
defining the actual distribution of an ore field (Baxter et al. 1997; Scaife et al. 
1999), but has not been widely adopted until recently because of the lack of simple 
algorithms to perform the calculation. 
We now use the software developed by Christopher Bronk Ramsey for 
producing and comparing KDE distributions from the chemistry of volcanic 
tephra, and available within the open access database developed for the RESET 
project in Oxford (Response of Humans to Abrupt Environmental Transitions: c14.
arch.ox.ac.uk) (Bronk Ramsey et al. 2015). As introduced in Chapter 5, kernel 
density estimates are a non-parametric way to convert continuous data into a 
smoothed probability density function, using a smoothing parameter h, called the 
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kernel. Using KDEs has three main advantages. Firstly, KDEs do not assume that 
the data has to be normally distributed, which is particularly useful for lead isotope 
ratios (although the way the kernel h is usually derived is to use an approximation 
which becomes more optimal the closer the distribution is to normality). Secondly, 
KDEs can produce smoother distributions than conventional histograms whose 
appearance is significantly affected by the choices of bin width and start/end points 
of bins (see Chapter 4). Thirdly, the KDEs can easily generate a multi-dimensional 
visualisation to compare different datasets in a way that histograms cannot. In 
archaeology, KDEs have been found useful to interpret chemical compositions, 
lead isotope ratios and spatial data (Baxter et al. 1997). Here we show that kernel 
density distributions from different assemblages can also be compared to estimate 
the likelihood of overlap—i.e., to answer the question ‘are these distributions the 
same or different’.
The univariate kernel density estimator (ƒ῀h) of the parent function (f) from 
which the samples are derived is mathematically defined as follows:
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where n is the sample size, h is the kernel bandwidth and the kernel K is a summed 
probability density function over all the samples. The choice of kernel bandwidth 
h is crucial for the shape of the KDE and the subsequent interpretations. If h is too 
wide the distribution will be over-smoothed and may possibly hide important detail, 
but if it is too narrow the distribution will be spikey and possibly discontinuous. 
Many mathematical formulations have been put forward to select optimal kernel 
widths in univariate cases, but there is no well-defined method to establish the 
optimal kernel bandwidth in multidimensional data. According to Bronk Ramsey 
et al. (2015), a commonly-used approximation for the optimal bandwidth of the 
multidimensional kernel is: 
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where d is the number of dimensions (parameters measured) and n is the number 
of samples in the dataset. This estimate approaches optimality as the data approach 
multivariate normality. The details of the derivations are given in Bronk Ramsey 
et al. (2015, 42).
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Apart from producing smoothed quasi-continuous probability distributions for 
univariate or multivariate distributions, a key additional capability is to test the 
degree of overlap between two distributions. In the original application of this 
approach to tephrochronology, the purpose was to answer the question, based on a 
set of chemical measurements, does the volcanic glass found in place A match that 
of a particular source volcano? This methodology is, however, equally applicable 
to the chemical composition of metal assemblages, and also to lead isotope ratios. 
Again, Bronk Ramsey et al. (2015) provide the detailed mathematical calculations 
for comparing the chemical or isotopic compositions of two assemblages.
If we have two assemblages X and Y containing n and m samples respectively, 
then we can use the kernel density estimates derived above for X and Y to answer 
the question ‘how likely is it that each of the individual samples in assemblage Y 
could belong to the distribution defined by X? Mathematically the average value 
for this probability is given by:
This absolute value of the average is not very useful because it depends on how the 
various parameters are standardized. It is better to normalise it against the average 
probability of the individual values of the n samples in X belonging to X. This 
gives a ratio of the two probabilities:
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This ratio (Byx) is a measure of the likelihood of assemblage Y being a sub-set of 
assemblage X (which is not the same as Bxy, the likelihood of X being a sub-set of 
Y). This value should approach 1 if the distribution of the two datasets is similar, 
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but could exceed 1 if dataset Y is located on top of the densest area of dataset X. 
Moreover, determining the threshold for the significance of matches is arbitrary. 
It is strictly not possible to demonstrate consistency between two datasets, only 
dissimilarity. Thus if the value of the ratio falls below 0.05 then it is probably safe 
to say at the equivalent of 95% confidence that the two distributions are different. It 
is more difficult to be certain about when we can accept the likelihood of similarity 
between two assemblages, but clearly values close to or greater than 1 would mean 
that we cannot disprove the possibility of them being from the same source. 
Figure 9a shows two conventional sets of lead isotope diagrams (207Pb/204Pb vs. 
206Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb) for data from north-west China (Hsu 
et al. 2018). The sites are the Wangdahu cemetery in Ningxia (WDH), modern 
galena ore data from the Dajing mine in Inner Mongolia (DAJ: Chu et al. 2002), 
plus data from metallurgical remains found at smelting sites associated with the 
Upper Xiajiadian culture (UX_ORE and UX_SLAG, for ore and slag samples 
respectively, from Dong 2012), and thought to derive at least in part from the 
Dajing mine (Yang 2015, 183). A striking feature of these diagrams is the linear 
array of isotope data for both uranium- and thorium-derived Pb for both Wangdahu 
and Dajing, but with different gradients. It is clear from the raw data that the lead 
in the objects recovered from the Wangdahu cemetery did not originate from the 
Dajing mine. However, some points of the Upper Xiajiadian ore and slag analyses 
seem to fall exactly on the straight line derived from the Dajing ore data, whereas 
other samples scatter to both sides of this line. Using KDE (Figure 9b), we can 
better visualise the data, and also statistically test the probability of association 
between the various assemblages represented. 
The overlap between all pairs of probability distributions can be expressed as 
a matrix based on KDE estimates as described above (Table 1), using all three 
ratios (i.e., calculating the three dimensional overlap). It is clear that the Upper 
Xiajiadian ore and slags are substantially overlapping (UX_ORE and UX_SLAG 
= 1.137, UX_SLAG and UX_ORE = 0.907; see discussion above about the reason 
for this non-commutativity), and are both very likely to be a subset of the Dajing 
ore data given that the probabilities are very close to 1 (UX_ORE and DAJ, UX_
SLAG and DAJ ≈ 0.95). There is no overlap between the Wangdahu data and any 
of the other data in the analysis. This makes sense since Dong (2012) has already 
argued that Xiajiadian people transferred Dajing ores to other places for further 
smelting whereas, as noted above, the WDH bronzes are highly unlikely to have 
been made from the Dajing ores or recycled Xiajiadian objects. 
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Figure 9: 
a) Conventional isotope bi-plots of lead isotope data from north-west China, and b) a KDE 
rendition of the same data (Hsu et al. 2018).
 KDE probability distributions (206Pb/204Pb,207Pb/204Pb,208Pb/204Pb)
Datasets A - WDH B - DAJ C - UX_ORE D - UX_SLAG 
A - WDH 1 0 0 0.01564
B - DAJ 0 1 0.552 0.81104
C - UX_ORE 0 0.94657 1 1.13702
D - UX_SLAG 0 0.94983 0.90702 1
Table 1: 
Overlap of KDEs for the various groups shown in Fig. 9 (Hsu et al. 2018)
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Although it is helpful to see these results expressed quantitatively, we should note 
that the numerical value of ≈ 0.95 for the overlap between either UX-ORE and 
UX-SLAG and the Dajing data overlooks the fact that both sets of UX data extend 
far beyond the narrow line of the Dajing data. This asymmetric relationship is 
confirmed by the lower overlap between DAJ and UX-ORE (0.55) and DAJ and 
UX-SLAG (0.81), which are both lower than the reverse overlaps (0.95). In other 
words, some of the UX ore samples do not match exactly the Dajing ore data, 
suggesting that either the current Dajing data is not completely representative of 
the Dajing ores, or that ores from other areas were also smelted at these Upper 
Xiajiadian smelting sites. 
KDEs provide the best rendition of the distribution of lead isotopes in an 
assemblage, and are clearly superior to distributions using ‘confidence elipses’, 
which are based on an assumption of normality in all three isotope ratios. 
As shown above, they can also be used to estimate the similarity (strictly, 
dissimilarity) between two assemblages by calculating the degree of overlap 
between the two probability distributions. This is an extremely useful quantitative 
method for assessing the similarity between the lead isotope data from different 
assemblages. It can also be used to calculate the similarity between groups defined 
by multivariate chemical data, as shown for tephra (Bronk Ramsey et al. 2015), 
and also for medieval glass (Bidegaray and Pollard 2018). The previous chapter 
showed that KDEs can also be used to represent the distribution of the alloying 
elements (or, indeed, trace elements) in an assemblage, and, by extension, can 
be used to compare distributions between assemblages. Potentially this could 
therefore provide an alternative to the use of cumulative frequency distributions 
(CFDs) and comparison using the Kolmogorov-Smirnov test.
The examples provided in this chapter have been chosen to illustrate a number 
of different ways in which lead isotope data can be used on archaeological material. 
Conventional lead isotope bi-plots, adopted from isotope geochemistry, have 
proved useful in some circumstances, but do not directly address archaeological 
situations where there is the potential for anthropogenic mixing of lead in 
archaeological objects. As with our consideration of trace elements and alloying 
elements, the methods presented here have been derived from a conviction that it 
is detecting change in the archaeological record which is significant, rather than a 
more limited focus on the ideas of provenance.
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Appendix: Mixing model for lead isotopes
Assume that we create a mixture of two components A and B in differing 
proportions, specified by a mixing parameter fA defined as:
 fA = A/(A+B) (1)
where A and B are the weights of the two components in the mixture. If each 
component contains two elements (e.g., Cu and Pb), and PbA and PbB are the 
concentrations of Pb in components A and B, expressed in weight units, then the 
concentration of Pb in the resulting mixture is 
 PbM = PbA·fA + PbB·(1 – fA) (2)
Rearranging this expression shows that PbM, the weight of Pb in the mixture, is a 
linear function of fA:
 PbM = (PbA – PbB) fA·+ PbB (3)
Consider now that the two components A and B not only have different 
concentrations of lead but also different values of the set of three lead isotope 
ratios, having 204Pb as denominator (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb). If the ratio 
of 206Pb/204Pb in component A is (206Pb/204Pb)A, and that in B is (206Pb/204Pb)B, then 
the ratio in the mixture (206Pb/204Pb)M is given by:
 (206Pb/204Pb)M = (206Pb/204Pb)A (PbA/PbM) fA + 
 (206Pb/204Pb)B (PbB/PbM) (1 – fA) (4)
This equation contains two different weighting factors: – fA which relates to the 
abundances of the two components A and B, and PbA/PbM and PbB/PbM, which 
relate to the fractions of Pb in the mixture contributed by A and B. We can eliminate 
fA from this equation by rearranging eqn. (3):
 fA = (PbM – PbB)/ (PbA – PbB) (5)
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Giving:
(206Pb/204Pb)M = (206Pb/204Pb)A (PbA/PbM) (PbM – PbB)/ (PbA – PbB) +  
 (206Pb/204Pb)B (PbB/PbM) (1 – (PbM – PbB)/ (PbA – PbB)) (6)
which rearranges to:
 (206Pb/204Pb)M = PbA PbB [(206Pb/204Pb)A – (206Pb/204Pb)B]/PbM(PbA – PbB) +
 [PbA (206Pb/204Pb)A – PbB (206Pb/204Pb)B]/ (PbA – PbB) (7)
This is an equation of the form:
 (206Pb/204Pb)M = k (1/PbM) + c (8)
which is a linear equation between (206Pb/204Pb)M and (1/PbM), where the gradient 
is given by:
 k = PbA PbB [(206Pb/204Pb)A – (206Pb/204Pb)B]/(PbA – PbB) (9)
and the intercept:
 c = [PbA (206Pb/204Pb)A – PbB (206Pb/204Pb)B]/ (PbA – PbB) (10)
To summarize, the lead isotopic ratio of the mixture is a linear function of the 
reciprocal of lead concentration in the mixture. Thus, mixing lines in a two 
component mixture appear as straight lines when (206Pb/204Pb) is plotted against 
(1/PbM). Similar equations apply for the equivalent relationships for 207Pb/204Pb 
and 208Pb/204Pb.
Chapter 7
The FLAME GIS-Database 
 
One of the aims of the FLAME project is to collect as many chemical and isotopic 
analyses of archaeological metal objects as possible from the whole of Eurasia, 
from approximately the fifth millennium to the first millennium BCE, but mainly 
focussing on the third and second millennia. When completed, it will be the largest 
publically-available database of archaeological Bronze Age metal analyses. This 
requires a database structure that is both flexible enough to collect a great deal 
of heterogeneous data, but simple enough for non-database experts to use. The 
structure of the database reflects the nature of the available information. The 
database is also connected to a GIS system, with an online interface that will 
be available at the project webpage https://metals.arch.ox.ac.uk. The interface 
between the database and GIS provides a simple and clear visualisation of the data 
available, according to their location, date, typology and archaeological context, as 
well as providing interactive tools which allow for queries, geostatistical analysis, 
and the downloading of data and results. 
The database: general concepts
This is a description of the core structure of the database. The visualization of 
data in the database will vary according to the research questions, but how the 
information is acquired and stored will remain fixed in the structure described 
below. 
The database has been created using PostgreSQL: a free, open-source object-
relational database system. The structure has been created to be compatible with 
CIDOC-CRM, which is a standard (ISO 21127:2006) that “provides a semantic 
framework to describe the implicit and explicit concepts and relationships 
formalised into a database system” (http://www.cidoc-crm.org/). CIDOC-CRM has 
been largely used in cultural heritage documentation, in particular in museums and 
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collections, but in recent years it has also proved its versatility in conceptualising 
scientific database structures. Building up a database according to a recognised 
standard has been a core principal in this project. Firstly, it provides a “test” of 
the quality of the database structure. Without this, many conceptual mistakes can 
become embedded into the mind of the creator of the database—for example, a 
single field in the database might not adequately reflect the complexity of the 
detailed information that is sometimes available. The use of CIDOC-CRM also 
has another important consequence for the research: it provides a guarantee of the 
preservation and usability in the future. All the database structures can be encoded, 
exported and transmitted in XML language. But the decision taken to structure a 
database in this way may not be clear within the structure (for example, what we 
mean by a particular field definition such as “site” or “context”). CIDOC allows 
us to encode within an XML code all the implicit reasoning that is displayed in 
the database structure. So the structure can be transmitted and re-used by other 
researchers in an unambiguous way, assuring its preservation into the future.
Some cardinal rules have guided the decisions taken when the structure was built:
1) The database is built with two different purposes:
a) The database is a storage medium. It has the aim of including as much 
information as possible about metal artefacts from the whole of Eurasia. 
This information, spread across a number of different publications, and 
written in several languages, is not always easy to find. It will be united 
into one organic structure available to the public through the online 
portal. At first, everything will be offered in English but, ultimately, we 
are planning to provide Chinese and Russian translations.
b) The database will support analysis. It will include tools that researchers 
can use not only to retrieve data, but also to undertake their own analysis 
of the underlying data using the methods developed for FLAME and 
described in the previous chapters.
2)  The structure of the database is hierarchical. At the core of our database is 
a single metal artefact. Information is recorded not just for the artefact, but 
for the context, site and region from which it was derived and for samples 
taken from and analyses performed on the artefacts (see Figure 1).
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Figure 1: 
The scales at which the database works.
3)  The database is flexible: it is able to record very heterogeneous information, 
both in terms of its nature (archaeological, historical, artistic and scientific), 
and its quality. Most importantly, information that might be considered of 
“bad quality” is not excluded a priori. The original information is graded 
according to its reliability. Different factors may influence the reliability, 
including the analytical technique, with pXRF being rated the least 
reliable, as explained in Chapter 3. Another factor can be the opinion of 
the author of the publication from which the data are taken, as stated in the 
publication, or given via personal communication. We can also downgrade 
the reliability of analysis whose analytical total is not within the range of 
95-105% (if the total is meaningful: see Chapter 3). Internal comparisons 
within the database can also highlight flaws in a specific set of analyses, as 
illustrated in Chapter 3 by the discussion of the analyses of nickel provided 
by von Bibra (1869).
4)  The database is secure. There are different levels of authority that grant the 
permissions necessary to consult and use the database. This is particularly 
important because of the nature of the data, some of which may be 
considered to contain sensitive information (such as, for example, the 
precise location of a cemetery that is still under excavation). A system of 
“traffic lights” has been set to control the circulation of data. At the moment 
the data are available only to the group partners, but we are ultimately 
aiming to make it accessible to the public for consultation, keeping the 
possibility to modify and delete data only within the Flame research group.
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The database: a description of the structure
The database is relational, but it has borrowed some concepts from object-oriented 
programming—example, each analysis is treated as a unique object independently 
of its nature (chemical analysis, isotopes, radiocarbon date, …). It is composed 
of over sixty tables, mostly related to each other by many-to-many relationships 
(Figure 2). 
Figure 2: 
A schematic diagram of the database structure.
The highest hierarchical level of the database is the site, where the key information 
resides. The name of the site is provided as a one-to-many relationship, so that 
is possible to assign different names to the same site. This is necessary for two 
main reasons: firstly, the same site may have been referred to in different ways 
in the literature. Secondly, as we are operating on a continental scale, with many 
different languages and alphabets, we are allowing the possibility of having the 
same site to be written both in its original language (and alphabet) as well as in 
the Roman alphabet. 
The site table (Table 1) has a field dedicated to the administrative area, defined 
as the smallest modern political unit where the site is located. In some cases, the 
specific site of recovery of the material is not known. In these cases, usually a 
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generic regional indication of provenance is provided. In such cases, this generic 
location is repeated in this field. The administrative area is recorded as it is known 
in English. The field “site details” is available for the additional details about 
the site that cannot be recorded in any other field. Since the coordinates may be 
a sensitive piece of information, in particular for those sites currently still under 
excavation, they will not be publically available for all sites. We also provide a 
rank of location, which indicates if the available coordinates refer precisely to 
the site, or only to the closest administrative area, or, more generically, to the 
region. This field is particularly important to assure the multi-scalar attribute of the 
database. Thus, if the user decides to operate on the level of the whole of Eurasia, 
all the analyses will be included, but when a study is dedicated to a very specific 
region—a province in France, for example—only those sites whose location has a 
scale of uncertainty smaller than the study area are selected.
Field Type of field
Site ID text
Site name text
Parish text
Province text
Region text
Country text
Rank of location domain (text)
Coordinates numeric
Site details text
Table 1: 
List of fields in the table of sites.
The next level is given by the context (Table 2). The distinction between site and 
context is vital in order to operate with radiocarbon dates, since a clear record 
of the sequence of layers within the same site is required in order to undertake 
Bayesian statistical analysis. The name of the context and context details provide 
the equivalent information for the context as do site details and site name for sites 
in the table of sites. For the context, there is also the possibility to add information 
about the excavation (who excavated it, when, etc.…) and, in the case of a cemetery, 
the number of tombs, and any relevant information about the person buried, 
such as age and sex. A context is also defined by its type, which ranges within a 
fixed number of possibilities. Some are generic (burial, settlement, hoard, single 
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find), and others are more specific (finding in water, lake dwelling, high altitude 
settlement, cave settlement, cave burial, ritual place, wall). When the quality of the 
information allows, it is possible to record the specific coordinates of the single 
context, in addition to the ones for the site. In this way, it becomes possible to 
undertake spatial analyses within a single site: for example, the chronological 
relationship between single graves of a cemetery can be highlighted, as in the 
cases of Remedello (de Marinis 1997) or Geimenlabern (Neugebauer 1991).
Field Type of field
Context ID text
Type of context domain (text)
Date of Excavation text
Institution that has excavated text
Coordinates numeric
Context details text
Table 2: 
List of fields in the table of contexts.
The context table has a one-to-many relationship with the table of artefacts: in 
one context there might be more than one artefact, but one artefact is related only 
to one context. The metal artefact is the core of the entire database, around which 
everything else is built. Defining what is meant by a metal artefact is not always 
intuitive, in particular in the case of composite artefacts. Is a necklace a unique 
artefact or are its single beads artefacts in themselves? The simplest and most 
effective solution is to record both the composite artefact and its parts as unique 
artefacts. There is a specific ‘table of components’ that allows the link to be made 
between the composite artefact and its components. In turn, within the table of 
artefacts, a component can be indicated as part of another artefact in a specific 
field. In this way, the fact that the analyses undertaken on the single components 
belonging to the same artefact can easily be ascertained. 
Some information linked to the artefacts are straightforward, in particular 
the metric information (dimensions, weight), the presence of inscriptions or 
decoration, their current location in Museums or Collections, and any illustrations 
or pictures provided. Other information is more complex and is provided through a 
series of tables linked to the table of artefacts. It can be divided into archaeological 
and scientific information.
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Archaeological information 
This information typically relates to the typology, the chronology (mostly typo-
chronology) and the affinity of the object to an archaeological culture. 
Chronology
Chronology—the date of the artefact or assemblage—is critical to a project which 
aims to cover all of Eurasia, but it poses many difficult issues. Each region tends 
to have its own chronological system that varies greatly in terms of refinement, 
dating techniques used and the history of research. This is not only because of the 
vastness of the area of research, but also because the data we are compiling may 
have come from work done more than 50 years ago, using chronologies which 
have since been superseded. Most researchers, both European and Asian, tend to 
use locally-defined labels to indicate a time period, such as “Early Bronze Age” 
or “Chalcolithic”, often sub-divided in an intricate and increasingly localised 
way. Defining what each author actually means by the labels that they use in 
terms of chronology is not an easy task. In fact, it is an enormous task, which has 
been the focus of a project that has been running for many years, the Period-O 
project (http://perio.do/), whose concepts are taken as guidelines for the present 
database. 
Firstly, the creation of a table of periods is required. This includes all the labels 
used by the different authors, and assigns to each label a time span: a post quem and 
an ante quem. This assignment is done by reference to a published chronology, such 
as, for example, the one published by the Römisch-Germanisches Zentralmusem, 
available online at http://odur.let.rug.nl/arge/Work/chrono.htm. It is important to 
understand that the same label, such as “Bronze Age”, has a completely different 
chronological meaning according to location. “Bronze Age” in the British Isles 
has a different time span from “Bronze Age” in Turkey (respectively 2200–800 
and 3300–1200 BCE). For this reason, the geographical location is also recorded 
when entering a period in the database.
The connection between the table of artefacts and the periods is a many-to-
many type. In fact, many artefacts are dated to the same period, but it is also true 
that the same artefact may have a different chronological definition, according to 
different authors. The link between the artefacts and the periods occurs through an 
intermediate table called “chronological attribution” that indicates which author 
determined that an object belongs to a particular period, in which publication 
this attribution is presented, and how reliable this attribution is. The reliability is 
initially set as “average” for all the assignments, but, if internal inconsistencies 
emerge (for example, if the same author gives different attributions to objects of 
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the same type), the reliability will decrease. The maximum grade of reliability of 
chronological assignment is assigned to those derived from radiocarbon analyses 
undertaken on samples taken directly from the artefact itself (such as from a 
bone or wooden handle still attached to the metal object). The second highest 
grade attribution links objects and radiocarbon dates of the context from which 
the objects are found. An internal script calculates the maximum time-span into 
which the object falls, taking into consideration all the chronological attributions 
and their reliability. Firstly, it picks up the reliabilities that have the highest score. 
More than one reliability may have the same high score. Then, among the dates 
selected, it calculates the minimum ante quem and the maximum post quem. For 
example: the same object may have three chronological attributions of 3300–2500 
BCE, 3000–2200 BCE and 3500–2800 BCE. The first two have been graded 7, 
and the last one 5. The time span in which the object falls is then determined to be 
3300–2200 B.C. This calculated time span is recorded as an attribute in the table 
of artefacts, in the fields post quem and ante quem.
The use of a time span to indicate of the date of an artefact has the advantage 
of being universally recognised. Post quem and ante quem have the same 
chronological meaning in Portugal as in the Altai region. But, of course, the 
user needs to interrogate the database in a meaningful way. The resolution of the 
chronology is dependent on the geographical region of Eurasia, and this needs to 
be taken into consideration. This means that the database can be used to understand 
the evolution of a specific phenomenon or process, such as the adoption of alloying 
techniques in contiguous regions, but the time slices used to undertake the analysis 
need to greater than the precision of the time assignment in that region. So, if in 
Turkey the chronological system has only a precision of 500 years, whereas in 
Greece there could be a precision of 50 years, the analysis of the evolution on the 
use of bronze in both Greece and Turkey cannot use time slices smaller than 500 
years.
Typology
The assignment of an object to a typology poses similar problems as those 
discussed above for the chronology. A field exists that provides a description of 
the object and also a field which has its translation into English, if available. But 
a table of types has also been created. This includes the object types recognised in 
the typologies proposed by different authors. Each metal type is possibly linked to 
many objects. Similarly, the same object may be linked to different types, according 
to the interpretation of different authors. So, another table of attribution, in this 
case of types, has been created. As with the one for chronologies, this table records 
who made the attribution, the publication where this attribution took place, and a 
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reliability score of the attribution, which, as a start, is set as ‘average’. The same 
structure has also been created to record the cultural attribution of the artefacts.
With the objective of facilitating querying the database, in addition to the 
description of the objects and the typological attribution, a more generic “class 
of object” has been provided as a field for each artefact, which is broadly related 
to the function of the object. This attribute has a controlled domain made of 
fixed words. The creation of this domain has required the integration of different 
typologies and different approaches to the material culture in different periods 
and locations. These difficulties need to be taken into consideration by the user 
of the database. So, for example, the term ‘vessel’ is used to describe something 
completely different in the European Bronze Age and in the Chinese Shang 
and Zhou periods. This difference is in not only manifested in their shape and 
function, but also affects their physical dimension and weight, their decoration, 
their production techniques (usually sheet hammering in Europe, but casting in 
China), and, above all, the conceptual meaning of the object in both the producing 
culture and the consumption culture (which may or may not be the same). Some 
of this information is recorded in the database (in particular the physical data, 
where available), but it is necessary for the user to understand that searching for 
“vessel” across the whole of Eurasia will give a number of objects that may have 
in common only a very generically attributed shape or function. 
Scientific analyses
Sample
A scientific analysis is strictly undertaken not on an “artefact” but on a sample of 
that artefact, even if a sample is not physically removed. Each artefact may have 
more than one sample taken, either because it may consist of several different 
parts, or simply because it is multiply sampled, and this can result in several 
analyses of the same object. When available, information about the sample is 
recorded: its position, dimensions, state of preservation, the legal owner, and its 
current whereabouts. This information is very rarely to be found in publications 
but is a factor to be taken into consideration when evaluating the representativity 
of the sample and, ultimately, the quality of the analysis. The issue of the chemical 
inhomogeneity of copper alloy objects is discussed in Chapter 3, along with some 
recommendations for best practice when analysing and publishing such objects, 
or ‘analytical hygiene’.
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The database also aims to record, whenever possible, information about 
radiocarbon dates associated with the metal artefacts. Conceptually, a sample is 
a sample, independently of the analysis that can be undertaken on it, so there 
is only one table of samples both for chemical and isotopic analyses, and also 
for radiocarbon analysis. The sample for the radiocarbon dating can be taken 
from organic residues on the metal object or from the context associated with the 
artefact, therefore the table of samples is linked not only to the table of artefacts 
but also to the table of contexts. A specific field in the table indicates the nature of 
the sample: i.e., if it is metallic or organic, and, if organic, whether it is taken from 
bone, tooth, wood, charcoal or carbonised remains.
Analysis
The table of analytical results stores the information about the analysis taken from 
each sample, independently of the nature of the sample (i.e., chemical and/or 
isotopic analysis of metal, or radiocarbon dating of organic material). Some fields 
are common to all types of analyses: the laboratory where the analysis has been 
undertaken, laboratory number, date of the analysis, run quality, technique used, 
legal owner and bibliography. Some other fields are specific to the nature of the 
analysis. The typical information from lead isotope analysis are at least three sets 
of the ratios of 204Pb, 206Pb, 207Pb and 208Pb (preferably as given by the instrument, 
rather than re-calculated—see Chapter 6). Radiocarbon analyses are recorded 
with their uncalibrated value, the standard deviation of the measurement, and the 
d13 value of the sample. Metallographic images or descriptions are possibly the 
hardest type of analysis to record into a database, because of the descriptive nature 
of the results. In addition to the free-text “description” field, some quantitative 
information is recorded, such as the dimension of the grains, the presence of 
dendrites or of twinnings, the hardness value and the technique used to calculate 
these parameters.
The information of the chemical analysis is recorded into the database exactly 
as provided in the original dataset. This means that we aim to have an exact copy 
of the original publication, including any semi-quantitative symbols used (such as 
‘tr’, ‘-‘, ‘nd’ or ‘<0.05’), and any errors. It is important to recognise that the nature 
of the original data is a carrier of valuable information per se: it can reveal a great 
deal about the history of research, the techniques used to analyse archaeological 
metals, and about what in the past has been considered to be a “good” analysis. 
Interpretation
As mentioned, the database is not only a vehicle for the storage of data, but is 
also a functional, active instrument for research. This means that the database is 
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“doing” something to the original data, and this action, too, needs to be properly 
recorded. The first basic operation that the database does is to transform the above-
mentioned uncertainties in the original data into numeric values, which can be 
further treated using statistical and geo-statistical analysis. Chapter 3 explains how 
we deal with these issues when we attempt an analysis of the data. The result 
of this modification is recorded in the table “interpretation of chemical results”, 
where the methodology used to extract the numerical data is also recorded.
Radiocarbon dates can also be processed, in particular for the calibration of the 
dates. So we provide a table that records the calibrated date, the curve used for the 
calibration, and the software used (typically the latest available version of OxCal: 
(https://c14.arch.ox.ac.uk/oxcal.html)).
Statistical and geostatistical tools
The database has been published as an online GIS service, together with custom 
tools created to interrogate and analyse the data. On the web-site both the 
analytical data as published and the numeric chemical data are available. The first 
and simplest kind of analysis that can be undertaken is the querying of the data 
according to the chronological span, type of object and type of site. The result 
of the query is visible as an online table and can be exported as a csv file. The 
considerations discussed above about the assignment of objects to period and 
typology should serve as a warning. The database is a useful tool for research but 
is not intended as (and could never be) a black box that can give all the answers to 
archaeometallurgical questions without a proper interpretation by the user. In the 
example of the definition of ‘vessel’ outlined above, understanding the conceptual 
difference amongst an assemblage of artefacts selected according to their broad 
category is vital. We provide data summary routines such as histograms, pie 
charts, cumulative frequency curves and kernel density estimates. Some other 
tools, specifically created for this project, are offered.
Normalise
The Normalise function for chemical data acts in two stages. The first step is 
to calculate the percentage of copper in those cases where it was not reported 
in the original analysis (such as in the SAM database). This is simply done by 
summing all the weight percentages of the elements that have been analysed and 
subtracting the result from 100. The second step is to subtract those elements that 
are considered to be intentionally added so that the trace elements associated with 
the copper can be re-calculated (see Chapter 4). Deliberate addition of alloying 
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elements will have a dilution effect on the percentage of the trace elements in the 
copper used to assign an object to a Copper Group (As, Sb, Ni and Ag: see Chapter 
4). Tin, zinc and lead are removed from the analysis, since they are considered 
to be ‘intentionally alloyed’ (even if present at <1%) rather than associated with 
the copper source. Arguably if they are present at less than 1% they could be 
considered to be part of the trace element suite associated with the copper ore, and 
thus left in the analysis, but in order to obtain a systematic classification of the 
copper, all the (potentially) alloying elements are removed from the composition. 
See also Chapter 4 for a discussion of the role of As as an alloying element. The 
results are shown in an operational layer whose attribute table has a series of 
fields, one for each element, with the resulting value normalised, according to the 
formula: 100𝑋𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑=𝑥 ∗ 
𝑇𝑂𝑇−(𝑆𝑛+𝑍𝑛+𝑃𝑏)
Grouping
The Grouping tool takes as input the resulting operational layer of Normalise, and 
allocates each artefact to a Copper Group (see Chapter 4) based on the presence/
absence of As, Sb, Ag and Ni. The pre-set threshold values of the tool are the 
“typical” ones of the FLAME method, namely 0.1%, but the threshold to define 
the presence of an element can also be set by the user of the program, by filling in 
a dedicated field. 
Parameters of the tool Nature of the parameter Predefined value
Input File Table of the analysis with numeric values -
Limit As Threshold to evaluate the presence of As 0.1
Limit Sb Threshold to evaluate the presence of Sb 0.1
Limit Ag Threshold to evaluate the presence of Ag 0.1
Limit Ni Threshold to evaluate the presence of Ni 0.1
Output File Resulting table where a field with copper group 
has been added
-
Table 3: 
Parameters required from the user for the Grouping tool.
The result is an operational layer with a field that shows the Copper Group to 
which each object belongs. If the user is interested in the simple distribution maps 
of the resulting Copper Groups, they can use the tool “Create Maps of Groups.” 
This tool has as input the resulting operative layer of the “Grouping tool” and 
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creates a series of sixteen distribution maps, one for each Copper Group. But, 
as the FLAME method has demonstrated in several case studies, the most useful 
information may be obtained using Ubiquity Analysis, namely calculating the 
percentage of objects with a specific composition in a determined area. 
Ubiquity analysis
This analysis calculates the percentage of the frequency of a specific composition 
over the total of the assemblage, as outlined in Chapter 4. The use of GIS can 
introduce a spatial dimension into the definition of a metal assemblage. If we 
imagine space as divided into a sequence of polygons, or a net, we can define 
a series of metal assemblages as being all the metal artefacts that have been 
found in each of the polygons of the net. Mapping the Ubiquity Analysis within 
each polygon of the net gives a nuance of the variance of “importance” of one 
composition in space. Ubiquity analysis can be done by taking into consideration 
one compositional group over all the possible Copper Groups resulting from 
the Grouping tool, but it can also evaluate the percentage of objects that have 
an element (e.g., Sn) above a certain percentage (e.g., 1%). The tool Ubiquity of 
Copper Group (see Table 4) is designed for the first case, and Ubiquity of Element 
(Table 5) for the second.
Parameters of the tool Nature of the parameter Predefined value
Input File Table with a field dedicated to the compositional 
groups
-
Aggregator Net Shapefile of a geographic net. Each single 
polygon of the net delimitates a metal assemblage
-
Output File Shapefile with graduated colours that reflect the 
different frequency of a compositional group for 
each polygon of the net
-
Table 4: 
Parameters required from the user for the Ubiquity of Copper tool.
The Ubiquity of Element tool allows us to evaluate the presence of alloying 
elements in metal—a useful piece of information to evaluate the perception and 
the use of metal in ancient societies. It gives the user the possibility to choose 
one specific element for which they want to analyse the ubiquity (e.g., tin), and 
also to set both the lower and upper threshold of presence in which they are 
interested (Table 5). The tool is pre-set to analyse the presence of an element with 
a percentage between 1% and 100%.
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Parameters of the tool Nature of the parameter Predefined value
Input File Table of the analysis with numeric values -
Element Element whose presence is evaluated -
Upper Limit Lower threshold of presence of the element 1
Lower Limit Upper threshold of presence of the element 100
Aggregator Net Shapefile of a geographic net. Each single 
polygon of the net delimitates a metal assemblage
-
Output File Shapefile with graduated colours that reflect the 
different frequency of objects with the presence  
of a specific element for each polygon of the net
Required
Table 5: 
Dialogue box for the Ubiquity of Elements.
Both the Ubiquity of Copper Groups and Ubiquity of Elements tools require the 
definition of the unit area for which the ubiquity is calculated. Setting the spatial 
bin of the analysis has important consequences, and is known in the literature as 
MAUP (Modifiable Areal Unit Problem: see Harris (2007)). There is no perfect 
solution for this problem, and the user is provided with different options. The 
strongest results are the ones that are coherent even with the use of different Unit 
Areas. At the moment, the available unit choices are: 
 - single sites: with this option, the percentage of presence of each compositional 
group is calculated site by site. The use of this option is not recommended 
when the study area has too many single finds, because the result is composed 
of many hotspots where one chemical composition represents 100% of the 
whole of the assemblage.
 - river basins: this option may highlight the importance of the river system in 
the circulation of metal. The disadvantage is that the areas of river basins are 
highly variable, and so the study areas can be highly variable.
 - one degree on the WGS84 coordinate system. With this method, the consistency 
of the unit area is assured. On the other hand, in those regions where the 
distribution of the metal artefacts is sparse, there may be several squares that 
are not populated.
The use of GIS is not limited to the production of distribution maps, but allows 
us to insert topographic variables into the analysis of the distribution of metals. 
When we talk about metal flows and movement of metal we are, ultimately, 
talking about the movement of people, which occurs in a three dimensional world 
where topography, river systems, and vegetation may be determinant factors. 
For example, in Perucchetti et al. (2015) we demonstrated the importance of the 
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river systems in the movement of metal in the prehistoric alpine region. River 
basins and find spots of metal artefacts (this information being available) have 
been mapped together and used to verify the correlation between river basins and 
compositional groups. The χ2 test suggested that the distribution of different metal 
groups was not random with respect to river basins, neither in the Copper Age nor 
in the Bronze Age A1, with a p-value of less than 0.005 in both cases (Figure 3).
Figure 3: 
maps showing the presence of different Copper Groups (as defined in Chapter 4) in different 
river basins in the Circumalpine Region. Above: how the Copper Groups were distributed 
in the Copper Age (3600–2200 BCE); below in the Early Bronze Age 1a (2200–2000 BCE) 
(Perucchetti 2017).
Beyond Provenance186
Figure 3 shows maps of the river basins in the Alpine region. The pie charts 
represent the distribution of different Copper Groups, as defined in Chapter 4, in 
the Copper Age (3600–2200 BCE: upper figure) and Early Bronze Age 1a (2200–
2000 BCE: lower figure). In the Copper Age a larger number of Copper Groups 
were present, but their distribution was not even with respect to the river basins. 
For example, the Rhone and Po river basins have a predominance of Copper Group 
2 (copper with arsenic>0.1%), whereas the Rhine and Danube have a broadly 
equal presence of Copper Group 1 and 2 (respectively copper without impurities 
and copper with arsenic).
The relationship between of copper group distribution and river basins is even 
clearer in the subsequent period, where fewer Copper Groups are present. The 
Rhone valley has a predominance of Copper Group 1; the Po and the Rhine of 
Copper Group 16 (copper with arsenic, antimony, silver and nickel), and Copper 
Group 12 (copper with arsenic, antimony and silver) dominates in the Danube 
river basin.
The varying distributions of Copper Groups in different river basins, suggests 
the use of rivers as a mode of transport for metal (either as raw material or finished 
objects). This is also supported by discoveries of longboats, some of which, found 
in the Alpine region, are dated to the Bronze Age (Ravasi and Barbaglio 2008).
Ultimately, the database and associated GIS tools will become one of the major 
outputs of the FLAME project. We are constantly revising and improving it, and 
continue to load new data as it becomes available. It will serve not only as a 
resource for those wishing to search the archaeometallurgy of specific regions, but 
also as a historical archive of much of the work carried out over the last 200 years.
Chapter 8
Summary: 
Beyond Provenance? 
The title of this volume is intended to provoke thought—for archaeologists, to 
encourage thinking beyond individual objects to assemblages and populations, 
and, for archaeometallurgists, to think beyond the ‘holy grail’ of provenance 
(Radivojević et al. 2018). The concept of provenance has had a remarkable 
stranglehold on the discipline since its first conception in the 1860s. It appears to 
be definitive and ‘scientific’—object A comes from metal mined at source B, on the 
basis of these trace elements, or this isotopic pattern. Everybody recognizes that it 
is exclusive rather than positive—it can only exclude potential sources, rather than 
make a positive attribution—and yet it continues to be sold to the archaeological 
and general public as a key concept. Possibly it has provided a convenient alibi for 
the involvement of aspects of materials science in archaeology, when in fact none 
was needed—perhaps by providing the answer to a question not asked, rather than 
simply viewing materials science as one aspect of the multidisciplinary activity 
that is archaeology, whose collective aim is the better understanding of the human 
past. 
Where it is possible, of course, provenance provides a useful piece of 
information—a piece in the jigsaw puzzle—but what does provenance actually 
mean? In both metal and glass studies, it has long been realized that we need to 
distinguish between ‘primary’ and secondary’ manufacture—primary being the 
actual manufacturing source of the raw material, and secondary being the place 
where this raw material is manipulated and converted into objects. In Roman glass 
studies, for example, the places of ‘primary’ manufacture, where sand and alkali 
are converted into raw glass, appear to be very limited indeed, whereas a large 
number of glass object production furnaces are widely spread across the empire 
(Degryse 2014). Interestingly, a high proportion of the glass analysed in their 
study (25%) appeared to have been recycled.
The concept of provenance indeed becomes ‘fuzzy’ when recycling and 
secondary production sites are considered. But is provenance anyway an entirely 
Beyond Provenance188
modern construct, which, because we can sometimes determine it, we believe to 
be important, and therefore project this importance back into the past? What would 
‘provenance’ have meant to people in the past? We drive cars with components 
that come from all over the world, but we do not value them for that property. 
Perhaps metal, in the early stages at least, had a very strong symbolic property, 
representing power, magic, or some long distance contact with powerful people, 
which we might conflate with the concept of provenance. There is no doubt that 
if we can ‘prove’ that object A comes from metal mined at source B, then, as 
stated by Damour (1865, 313): “it is inferred that there has been transport of 
the object itself, or at least of the matter of which it is formed.” The means by 
which this happened is of course the stuff of modern scholarship, although often 
it is indicated simply by arrows on a map—bereft of geographical hindrances, 
but, more significantly, happening in the complete absence of people. But did, for 
example, Early Bronze Age people in Britain even know that some or all of the 
metal in their axes might have originated in Ireland or Spain? Probably not. More 
likely, they were aware that it came from a group of people just over the horizon, 
and not that it represented the last link in a series of interactions which stretched 
over many hundreds of kilometres, and could have involved exchanges that took 
place over many decades. Did it matter to them is perhaps a more interesting 
question. In more centralized societies, complex supply networks would have 
supplied raw metal to foundries. The quality of the metal would have, in many 
cases at least, mattered, but was that a reflection of the provenance of the metal 
(an early ‘branding’ phenomenon—‘metal from A is better than metal from B’ 
for reasons of prestige, reputation, kinship, magic, etc.) or was it practical, based 
on working properties, colour, smell, etc. We have the privilege of, hopefully, 
being able to take an overview of all of these complex networks of interaction, but 
we must remember that what we see is not what they saw, and be careful when 
attributing knowledge and motives to people in the past.
In this volume we have argued that provenance, as traditionally interpreted, is 
an important component of the broader picture of the biography of objects, and the 
prosopography of assemblages, but certainly not the only component, and perhaps 
not the most important. What happens to the metal after it has been mined and 
smelted is key to understanding the interaction between humans and metal. It is 
likely to be alloyed (perhaps at a secondary site), traded or exchanged in some way, 
and in some cases passed on in one form or another. It might then be melted down 
and re-used—one person’s ‘axe’ is another person’s ‘ingot’—if the original axe 
has no further symbolic or cultural meaning, or if, conversely, there is symbolic 
value in incorporating that metal into a new object. We have introduced here the 
concept of the ‘flow’ of metal—the underlying parent population, from which all 
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archaeologically recovered objects are abstracted. This is essentially a theoretical 
construct, the composition of which is inferred from the analysis of a sub-set of the 
archaeologically recovered objects, that allows us to link conceptually the ‘inputs’ 
into the system (mining sources, known and unknown, plus recycled material) with 
the ‘outputs’, in the form of archaeologically recovered and chemically analysed 
objects. In all cases, the unit of study is the assemblage rather than individual 
objects.
We have derived a whole new set of tools to carry out this study. This is for 
two reasons, one related to the nature of the data, and one to the aims of the 
study. Our aim is to use patterns of metal circulation to infer the multiple sets 
of relationships which existed across Bronze Age Eurasia. To do this we need 
the largest possible database, and that means assembling chemical data derived 
over the last hundred years, and possibly even earlier. Consequently, we have a 
very heterogeneous database, with analyses done by different analytical methods 
and by different research groups, and therefore with different levels of accuracy 
and precision. Quite clearly, the application of sophisticated methods of data 
analysis involving clustering and discriminant analysis (chemometrics) to such a 
heterogeneous database is more likely to cluster by analytical method or analyst, 
rather than by something archaeologically meaningful. Rather than abandon all 
this earlier information, we have chosen to adapt our interpretative methodology 
to deal with imperfect data.
In terms of the aims of the study, and in particular to look beyond the idea of 
provenancing metal, we have effectively gone back to ‘archaeological basics’. 
Archaeology is fundamentally about deducing human behaviour from changes 
observable in the archaeological record. In our case, the archaeological record 
is the corpus of analysed metal objects from the Eurasian Bronze Age, and the 
tools described here are designed to initially highlight changes in this record. Such 
changes might be a consequence of differences in human behaviour and/or the 
availability of resources over time, as one period succeeds another, or it could 
be the result of different practices at different places, revealed by comparing the 
metalwork of contemporary societies. There are always complexities within such 
comparisons which need to be considered, such as that due to the metal used in 
weapons and vessels being different within a particular society, or that the metal 
deposited as hoards might be different (typologically and chemically) from the 
metal used for objects deposited in tombs. Nevertheless, the first step is to detect 
change (or, indeed, continuity), and then to hypothesise about what might have 
caused such change. It could be that the simplest explanation is a change in ore 
source, in which case we are back to the ‘holy grail’ of provenance, but in many 
cases it will be a conjunction of more complex phenomena. 
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We have taken a set of simple procedures as the starting point for these 
comparisons. The idea of Copper Groups (chapter 4) is that by using a presence/
absence system to allocate objects to one of a set of 16 groups, and then aggregating 
all objects within an assemblage to form a ubiquity distribution across the 16 
groups, we can make simple comparisons across several assemblages. These 
comparisons might be intended to reveal changes over time, if succeeding phases 
or periods are compared, or between contemporary sites. We never assume that 
a particular Copper Group is associated with a single source, or that individual 
sources can contribute to only one Copper Group. Although we normally use a cut-
off value of 0.1% for the four trace elements (arsenic, antimony, silver and nickel), 
we recognize that this is a compromise designed to accommodate heterogeneous 
data, and do recommend variation according to the quality of the data.
Likewise, we eschew the classification of Bronze Age alloys into modern 
alloy categories (Chapter 5). This makes the implicit assumption that ancient 
metalworkers were striving to achieve alloys with modern characteristics of colour 
and working properties. In some cases, undoubtedly, they were aiming for some 
optimal product, which may or may not have been allied with modern perceptions 
of metal, but the reality of the data is that many compositions, for whatever reason, 
do not fall into such simple categories. We have therefore adopted a presence/
absence system for the alloying elements (tin, lead and, rarely for the Bronze Age, 
zinc), with a default value of 1%. This is designed to give equal weight to the 
large number of objects which do not correspond to modern alloy definitions, and 
which might contain much hitherto overlooked information about the biographies 
of these objects—recycling, re-alloying, etc. 
Perhaps the most radical methodological contribution relates to the 
interpretation of lead isotopes (chapter 6). The conventional use of lead isotope 
data in archaeology is based on the method of presentation used in isotope 
geochronology—the plotting of a pair of isotope diagrams, based around some 
combination of three measured isotope ratios. In geology this is usually 207Pb/204Pb 
vs. 206Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb, but the practice varies in archaeology. 
Such diagrams were originally devised to allow the geological age of the deposit 
to be determined graphically, but, we would argue, are not necessarily suited to 
the display of data from archaeological objects. The additional complexity of the 
possibility of anthropogenic mixing of lead from different sources, or of adding lead 
to copper, renders conventional geological lead isotope ratio diagrams somewhat 
unsuitable for use in archaeology. We have proposed a new methodology based 
on that used in strontium isotope geology, which is to plot the inverse of the lead 
concentration in the object (1/Pb) against one of the three possible isotope ratios. 
Although now there are in principle three different figures to look at, we have found 
Summary: Beyond Provenance? 191
them extremely useful for detecting the mixing of leads with different isotope 
ratios, and also for identifying the addition of lead to copper, since the diagram 
contains compositional as well as isotopic data. We have also experimented 
with deriving the geochemical ‘fundamental parameters’ of a lead deposit – μ 
(the ratio of 238U/204Pb), κ (the ratio of 232Th/238U ), and T (the ‘model age’ of the 
deposit). These are three independent parameters which together characterize the 
geochemistry of the deposit. Finally, we have shown how the old question of ‘how 
do we isotopically define an orefield’, which bedevilled much of the literature in 
the 1990s, can now easily be resolved using kernel density estimates. Moreover, 
using these probability distributions, we can test different assemblages for the 
degree of overlap between them, which allows rigorous comparisons to be made 
for the first time.
One interesting conclusion from this work on lead isotope data from 
archaeological material is that we believe that the major conclusions can be 
derived from relatively low resolution isotope ratio data—many of the plots reveal 
archaeologically meaningful structure by looking at only the first two decimal 
places in the measurements. That is not to say that high resolution measurements 
should not be made, or that under particular circumstances the full resolution of the 
data might not be necessary to reveal the fine detail within the data. It is simply an 
observation that for archaeological material, where there is the potential for large 
variations in the data due to mixing, and because of the inherent variability within 
the sources themselves, these low resolution interpretations might be sufficient to 
reveal the archaeological story.
Numerous scholars since Göbel (1842) have emphasized the potential to look 
beyond the chemical data, and beyond the metals themselves, to reveal patterning 
that is evidence for human behaviour. Thus the urge to put metal chemistry into a 
social context is not new. Perhaps the most influential of these scholars has been 
Chernykh, but many others, including Ottaway, have attempted to use chemical 
and isotopic data to say something about the people who made and used the metal, 
rather than answer questions such as provenance, which, in isolation, are quite 
abstract. The aims and objectives of the FLAME project are therefore not new, 
apart from, perhaps, the scale. What is new, however, is the attempt to practically 
achieve these objectives by deriving a new set of tools to deal with large scale data 
of variable quality, and to look at these data in a new way.
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